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REGIONAL HYDROGEOLOGY OF THE NAVAJO AND HOPI INDIAN RESERVATIONS,
‘ ARIZONA, NEW MEXICO, AND UTAH

By M. E. Coory, J. W. HarsuBareer, J. P. Axers, and W. F. Haror

ABSTRACT

The Navajo and Hopi Indian Reservations have an area of
about 25,000 square miles and are in the south-central part of
the Colorado Plateaus physiographic province. The reservations
are underlain by sedimentary rocks that range in age from
Cambrian to Tertlary, but Permian and younger roeks are
exposed in about 95 percent of the area. Igneous and metamor-
phic basement rocks of Precambrian age underlie the sedimen-
tary rocks at depths ranging from 1,000 to 10,000 feet. Much of
the area is mantled by thin alluvial, eclian, and terrace deposits,
which mainly are 10 to 50 feet thick.

The Navajo country was a part of the eastern shelf area of
the Cordilleran geosyncline during Paleozoic and Early Triassic
time and part of the southwestern shelf area of the Rocky
Mountain geosyncline in Cretaceous time. The shelf areas were
inundated frequently by seas that extended from the central
parts of the geosynclines. As a result, complex intertonguing
and rapid facies changes are prevalent in the sedimentary rocks
and form some of the principal controls on the ground-water
hydrology. Regional uplift beginning in Late Cretaceous time

. destroyed the Rocky Mountain geosyncline and formed the
structural basins that influenced sedimentation and erosion
throughout Cenozoic time.

The rocks are characterized by the absence of severe defor-
mation, The area has been relatively stable since late Precam-
brian time and was affected only moderately by the orogeny of
Late Cretacecus and early Tertiary time, which produced a
variety of folds. Later, in Tertiary and Quaternary time, the
area was upwarp and locally faulted.

The reservations are divided into several hydrogeologie sub-
divisions on the basis of differences in the exposed sedimentary
rocks, structure, and physiography. The occurrence of ground
water in each subdivision is controlled principally by the
geology.

The climate of the Navajo country varies widely, ranging
from semiarid below 4,500 feet to relatively humid above 7,500
feet, Precipitation has a strong and fairly uniform relation to
altitude and the orographic effects of the physiography. Mean
annual temperature is affected by altitude and by the lecal
physiographic position of the weather station. Dunes and other
eolian deposits are common and were laid down intermittently
throughout Quaternary and part of Tertiary time. The distribu-
tion and orientation of the dunes and the direction of crossheds
indicate that the prevailing wind during much of prehistorie
time was from the southwest and therefore was similar to the
present prevailing wind pattern.

Vegetation is divided into broad zomes consisting of grass-
shrub at altitudes below 5,500 feet, pinyon-juniper between
5,500 and 7,500 feet, and pine forest above 7,500 feet. In the grass-
shrub and pinyon-juniper zones, some of the plant assemblages
are controlled by the types of sedimentary rocks exposed.

The Colorado River developed in late Cenozoic time as a
superimposed stream on the folded rocks of the Colorado Pla
teaus. Continuous downcutting by the river and its tributaries
resulted in entrenchment of the entire system. Entrenchment
was at a maximum during late Pliocene and Pleistocene time
and was about 1,800 feet in Glen and San Juan Canyons and as
much as 1,000 feet along the Little Colorado River. All runoff
from the reservations ig to the Colorado River. The Colorado
and San Juan Rivers are perennial. ‘All the other streams are
ephemeral or intermittent except for short reaches downstream
from large springs and where the streambed intersects the
water table. Nearly one-sixth of the area drains internally.

The aguifers are composed of beds of sandstone between nearly
impermeable layers of siltstone and mudstone. The main aguifers
are in the Coconino Sandstone, Navajo Sandstone, and the
alluvium ; but all other units locally yield some water to wells
and springs. The siltstone and mudstone layers act as aguicludes,
thus confining the water in the underlying sandstone aguifers
under artesian pressure in much of the area. For the most part,
the aquifers in the consolidated sedimentary rocks are fine
grained and do not transmit water rapidly. Coefficients of
permeability are generally less than 10 gpd per sq £t (gallons
per day per square foot), and many are less than 3 gpd per sq £t.
Yields from wells in these aquifers usually are less than 25 gpm
{gallons per minube). Most specific capacities computed from
tests of wells range from 0.3 to 5.0 gpm per £t of drawdown.

The basins and uplifts control the movement of ground water
in the sedimentary rocks; the other structural features affect the
occurrence of ground water only locally. The larger folds divide
the reservations inte five general areas, which are considered
as separate hydrologic basins—Black Mesa, San Juan, Bland-
ing, Henry, and Kaiparowits hydrologic basins.

The main areas of recharge to the ground-water reservoirs
are on the highlands—Defiance Plateau, Zuni Mountains, Mo-
gollon Slope, San Francisco Plateau, and Navajo Uplands—
along the structural divides between the hydrologic basins.
Movement of the ground water in each hydrologic basin iz down-
dip from the highlands and toward the Colorado, Little Colorado,
or San Juan Rivers and their larger tributaries rather than
toward the centers of the basing. Black Mesa basin is unique in
that most water discharges into the Little Colorado River from
Blue Spring and nearby springs, which flow at about 220 cubic

Al
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feet per second. Natural discharge is from 1,000 springs and
numerous seeps. Artificial discharge is from 1,300 drilled wells
and 550 dug wells, which are used chiefly for domestic and stock
purposes,

The ground water has 2 wide range in the type and amount
of dissolved chemiesl constituents. Most water having less than
700 ppm (parts per million) of dissolved solids is either calcium
or sodium bicarbonate, and water containing more than 700 ppm
is sodium sulfate, calcium sulfate, or sodium chloride. The
amount of fluoride in the ground water in parts of the Hopi
Indian Reservation, the valley of the Little Colorado River, and
the San Juan basin is excessive and may be more than 3.0 ppm.
The dissolved-solids content of 1,300 water samples analyzed
ranges from 90 to more than 25,000 ppm. Water from the flushed
agquifers in the Navajo, Wingate, Coconino, and De Chelly Sand-
stones on the Mogollon Slope, San Franeisco Plateau, Navajo
Uplands, and Defiance Platean usually contains less than 1,000
ppm of dissolved solids. Water having the greatest amount of
dissolved solids is in deep aquifers in the Black Mesa and San
Juan basins,

INTRODUCTION

The Navajo and Hopi Indian Reservations are in the
picturesque canyon and mesa country of the south-
central part of the Colorado Plateaus. The area is ¢gne
of physiographic and environmental contrast; the ter-
rane consists of barren alluvial flats and badlands in the
main stream valleys, bald-rock plains partly covered by
dunes, sharp-crested buttes and ridges, brilliant-hued
cliffs, and forested slopes and grassy meadows. Surface
water and shallow ground-water supplies are plentiful
locally in the highlands but are deficient in other parts of
the reservations. Where water shortages are chronic,
dependable water supplies have been supplemented by
utilizing the deep ground-water reservoirs.

PURPOSE AND SCOPE

Since the early 1940’s, an increasing need for depend-
able water supplies in the reservations has been caused
by an expanding Indian population and economy. Con-
current with this expansion, drought has become more
severe in the southwestern United States (Thomas,
1963). As a result of the drought, which started about
1925, surface and shallow subsurface water supplies
became less dependable, and many sources, previously
reliable, dried up altogether. The decreasing rainfall
necessitated the finding of new water supplies, partic-
ularly ground water. :

From 1946 to 1950, the U.S. Geological Survey, at
the request of the Bureau of Indian Affairs, made a
series of hydrologic investigations to help alleviate the
water shortage in several places. In 1950, the Geological
Survey in cooperation with the Bureau of Indian Af-

fairs began a comprehensive regional investigation of -

the geology and ground-water resources of the reserva-
tions. A well-development program supported by the
Bureau of Indian Affairs and the Navajo Tribe was
carried on concurrently with the regional investigation

HYDROGEOLOGY, NAVAJO AND HOPI INDIAN RESERVATIONS

and is being continued by the Navajo Tribe. The prin-
cipal objectives of these investigations were: (1) to
determine the feasibility of developing ground-water
supplies for stock, institutional, and industrial uses in
particular areas and at several hundred well sites scat-
tered throughout the reservations and in adjoining areas
owned by the Navajo Tribe; (2) to inventory the wells
and springs; (3) to investigate the geology and ground-
water hydrology; and (4) to appraise the potential for
future water development.

LOCATION

The Navajo Indian Reservation occupies parts of
Apache, Navajo, and Coconino Counties in northeastern
Arizona; San Juan and McKinley Counties in north-
western New Mexico; and San Juan County in south-
eastern Utah (fig. 1). The Hopi Indian Reservation is
in the central part of the Navajo Indian Reservation in
Arizona. The reservations have an area of about 25,000
square miles, which is about three times the size of New
Jersey.

The term “Navajo country” (Gregory, 1917, p. 11) is
used broadly to include the Navajo and Hopi Indian
Reservations and the area lying principally between the
Colorado, San Juan, and Little Colorado Rivers. The
term “Hopi country” is an informal designation for the
Hopi Indian Reservation. The “checkerboard” area of
the Navajo country, so-called because sections are owned
by Indians, ranchers, and Federal and State Govern-
ments, is along the eastern boundary of the Navajo
Indian Reservation in New Mexico and to the south of
the reservation in Arizona and New Mexico (fig. 1).

The Navajo country is crossed by only a few main
routes of travel. The southern part is traversed by the
Atchison, Topeka, and Santa Fe Railway and by U.S.
Highway 66, the site of the proposed Interstate High-
way 40. The area is crossed north-south by U.S. High-
ways 89 and 89A, leading from Flagstaff and leaving
the area at Navajo Bridge and Glen Canyon Dam near
Page, and by U.S. Highway 666 between Gallup and
Shiprock. During the 1950’s, the Navajo Tribe and the
Bureau of Indian Affairs began the construction of a
network of all-weather highways that connect the prin-
cipal localities in the reservations. Page is the only com-
munity that has scheduled air service, although there
are air terminals near the reservations at Farmington
and Gallup, N. Mex., and Winslow and Flagstaff, Ariz.
Almost every other community, however, has an airstrip
for light planes.

LAND-NET SYSTEM
The reservations are divided by the Bureau of Indian
Affairs into 18 administrative districts. Districts 1-5
and 7-18 are in the Navajo Indian Reservation, and dis-
trict 6 is in the Hopi Indian Reservation.
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FeuRe 1.—Location map of the Navajo and Hopi Indian Reservations showing the Bureau of Indian Affairs’ administrative
‘ districts,

Few detailed maps of the reservations were available
at the time of this study, but 15-minute planimetric
maps compiled from aerial photographs were available,
These maps are numbered arbitrarily from 1 to 151,
starting in the upper right corner of the reservations
and numbering consecutively from right to left in rows
(fig. 1).

TOPOGRAPHIC RELIEF

The major part of the reservations consists of pla-
teaulike features 4,000-7,000 feet above sea level. Rising
to altitudes of more than 8,000 feet are Navajo Moun-
tain, Defiance Plateau, the Carrizo, Chuska, and Zuni
Mountains, and the northern part of Black Mesa; at alti-

312-113 O—89—2

tudes of less than 3,000 feet are the deep canyons of the
Colorado River—Grand, Marble, and Glen Canyons—
the San Juan Canyon, and the canyon of the Little
Colorado River. In general, the valleys of the Little
Colorado River, Chinle Wash, and Chaco and San Juan
Rivers range from 4,000 to 5,500 feet in altitude. The
highest point on the reservations is Navajo Mountain,
10,344 feet, and the lowest is the mouth of the Little
Colorado River, about 2,800 feet.

ORGANIZATION OF THE REPORT

This report is the first chapter of U.S. Geological
Survey Prof. Paper 521, which will describe the geology

ED_005149_00041890-00011
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and hydrology of the sedimentary and volcanic rocks
of the reservations. Stratigraphic descriptions of the
uppermost Triassic and the Jurassic rocks have been
published previously as U.S. Geological Survey Prof.
Paper 291 (Harshbarger and others, 1957) and are not
~ included in this report.

The basic geohydrologic data—records of wells and
springs; selected chemical analyses; selected drillers’
logs, lithologic logs, and stratigraphic sections; and
maps showing locations of wells, springs, and strati-
graphic sections—are published separately as Arizona
State Land Department Water Resources Reports 12-A,
12-B, 12-C, 12-D, and 12-E.

The geologic map at a scale of 1:125,000, or 1 inch
equals about 2 miles, will accompany this chapter only.
Maps showing the locations of drilled wells, dug wells,
and springs are published only with the gechydrologic
data in Arizona State Land Department Water Re-
sources Report 12-D. Maps accompanying succeeding
chapters that describe the ground-water hydrology of a
particular group of aquifers will show the locations of
wells and springs discharging only from those aquifers.

FIELDWOREK AND COMPILATION OF DATA

Stereoscopic pairs of aerial photographs at a scale of
2 inches to 1 mile were used in plotting all geologic and
hydrologic data. Fifteen-minute aerial mosaic maps
compiled from these photographs were used as base
maps during the investigation and in the compilation of
the final maps. The photographs and the aerial mosaic
maps were made during the middle 1980’s for the Soil
Conservation Service of the Department of Agriculture.

Few topographic maps were available during the
field investigation. Water developments and cultural
features were located on the merial photographs, and
altitudes were obtained by aneroid barometer. Where
possible, these altitudes were checked with the topo-
graphic maps.

Geologic investigation consisted principally of sur-
face and subsurface geologic mapping, measurement
and description of stratigraphic sections, and analysis
of sample cuttings from new wells. These methods
delineated the aquifers and aided in understanding the
intertonguing, facies changes, and other geologic
factors that affect the water-bearing characteristics of
the rocks.

Stratigraphic sections of rocks ranging in age from
Permian to Recent were measured and described. Field-
work was concentrated principally on Triassic,
Jurassic, and Cretaceous rocks in the part of the Navajo
country in Arizona. Most lithologic descriptions were
made in the field with the aid of a 10-power hand lens.
Samples were taken at the time of measurement for

HYDROGEOLOGY, NAVAJO AND HOPI INDIAN RESERVATIONS

analysis of heavy-mineral content, size range of grains,
and other lithologic characteristics.

Examination of sample cuttings from water wells
was an integral part of the ground-water investigation.
Unwashed sample cuttings collected at 10-foot intervals
were described by a geologist from binocular micro-
scopic examination. The sample cuttings and drillers’
logs of most wells are on file at the Arizona Bureau of
Mines depository, Tucson.

Hydrologic fieldwork consisted principally of an in-
ventory and tests of wells and springs. Pressure tests
were made of most flowing wells, particularly those in
the San Juan basin. Cores of the main water-bearing
rocks were analyzed in the hydrologic laboratory of the
Geological Survey, Denver, Colo., to determine their per-
meability, porosity, specific retention, and specific yield.
A widespread network of observation wells was main-
tained for a few years to ascertain possible long-term
fluctuations of the water table. In areas of concentrated
pumping, water-level measurements in selected wells are
continuous.

A field inventory completed in 1956 described 2,338
ground-water supplies consisting of 846 drilled wells,
537 dug wells, and 955 springs. From 1956 through 1961,
402 new wells were drilled, and many new wells have
been drilled since 1961. Water levels in nearly all wells
and the yields of springs were measured, and more than
1,300 water samples from selected wells and springs
were analyzed by the Geological Survey.

Pumping or bailing tests were made of most wells.
Most tests were of wells tapping the Navajo Sandstone;
the Coconino Sandstone and its lateral equivalents, the
De Chelly Sandstone and Glorieta Sandstone; or aqui-
fers in rocks of Cretaceous age. Generally, no observa-
tion wells were involved in the tests. All newly drilled
wells were tested by bailing or short-term pumping to
determine yield and drawdown,

PREVIOUS INVESTIGATIONS

The first description of the Navajo country was by
Newberry (1861; 1876), who was with the Ives and
Macomb expeditions that studied parts of northwest-
ern New Mexico, northeastern Arizona, and Utah. Mar-
vine and Howell of the Wheeler Survey, as recorded by
Howell (1875) and Holmes (1877) of the Hayden Sur-
vey, described some geologic features in the Defiance
Plateau-Carrizo Mountains area. Early comprehen-
sive reports that included parts of the Navajo country
were made by Dutton (1882; 1885) in the Grand Can-
yon region and southeast of the reservations in New
Mexico. Shortly after 1900 the coal deposits in the San
Juan basin received considerable attention and were de-

ED_005149_00041890-00012



REGIONAL HYDROGEOLOGY

seribed by Schrader (1906), Shaler (1907), and Gard-
ner (1909).

The basic geologic framework of the Navajo country
was outlined by Gregory (1916; 1917), who published
the first geologic map and made a hydrologic recon-
naissance. Many stratigraphic units that Gregory de-
scribed originally are accepted as standard.

Other reports that have contributed substantially to
the geologic knowledge of the reservations were by Dar-
ton (1910), Woodruff (1912), Robinson (1913), Reeside
(1924), Miser (1924; 1925), Gregory and Moore (1931),
Baker (1936), Williams (1936), Gregory (1938), Sears,
Hunt, and Hendricks (1941), Allen and Balk (1954),
Kelley (1955), Strobell (1956), O’Sullivan and Beau-
mont (1957}, and Read and Wanek (1961b).

As a result of the present study, 34 papers were pub-
lished. These are listed in the bibliography and marked
with an asterisk.

HISTORY OF THE PROJECT, INCLUDING PERSONNEL

The Bureau of Indian A ffairs first requested technical
assistance from the Geological Survey concerning
ground-water problems on the Navajo Indian Reser-
vation in 1946. H. V. Peterson made several spot in-
vestigations in 1946 and 1947. Site investigations
were continued by L. C. Halpenny, S. C. Brown,
and H. A. Whitcomb in Arizona, and by R. L. Griggs
in New Mexico. The regional geologic and hydrologic
investigation was begun in 1950 under the general
supervision of S. F. Turner, district engineer, Ari-
zona, Ground Water Branch, and under the direct
supervision of L. C. Halpenny. Technical assistance in
planning during the early phases was given by C. V.
Theis, H. E. Thomas (later replaced by H. A. Waite),
and S. W. Lohman (later replaced by T. G. McLaugh-
lin), who were district supervisors of New Mexico, Utah,
and Colorado, respectively. When L. C. Halpenny
succeeded S. F. Turner as district engineer, J. W. Harsh-
barger became chief of the Navajo Ground Water Proj-
ect. Most of the information in this report represents
the collective efforts of the following personnel, who
were employed for all or part of the period 1950-55:
J. P. Akers, J. T. Callahan, M. E. Cooley, G. E. Davis,
S. E. Galloway, E. L. Gillespie, W. F. Hardt, J. H. Ir-
win, William Kam, R. L. Jackson, H. G. Page, C. A.
Repenning, P. R. Stevens, H. A. Whitcomb, and H. A.
Yazhe. Others who were associated with the project
are: R. L. Cushman, A. E. Robinson, G. S. Smith, L.
K. Thompson, C. T. Pynchon, C. L. Hicks, M. F. Smith,
W. A. Beldon, S. H. Congdon, J. F. Lance, H. O. Ash,
J. R. Howard, D. K. Greene, and R. A, McCleave.

In 1948, the Organic Fuels Branch of the U.S. Geo-
logical Survey, in cooperation with the Bureau of Indian
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Affairs, began a separate study of the mineral-fuel po-
tential of parts of the Navajo country. This investiga-
tion, with emphasis on Cretaceous stratigraphy, cov-
ered the eastern part of the Navajo Indian Reservation
in northwestern New Mexico and the southwestern part
of Black Mesa in Arizona. The fieldwork by E. C.
Beaumont, A. E. Burford, P. T. Hayes, R. B. O'Sul-
livan, and D. L. Zieglar was done under the direction
of the following successive supervisors: C. B. Read, L.
8. Gardner, C. H. Dane, and G. O. Bachman. The re-
sults of this investigation including the geologic map-
ping and some of the stratigraphic studies are incorpo-
rated into this report,

Work on the project continued only intermittently
between 1955 and 1960, but in 1960 a renewed effort to
complete and publish the reports was begun under the
supervision of P. E. Dennis, who succeeded J. W. Harsh-
barger as district geologist for the Ground Water
Branch in Arizona, and under the project leadership of
M. E. Cooley, assisted chiefly by J. P. Akers and E. H.
McGavock. This work consisted principally of compiling
the basic data and illustrations, review and revision of
the text, and the updating and integrating of the sec-
tions already written with the information obtained
since 1955,

ACENOWLEDGMENTS

The writers are grateful for the assistance, coopera-
tion, and information given by the late J. J. Schwartz,
former head of the Bureau of Indian Affairs’ water-
development program for vthe Navajo Indians; M. IL
Miller, Bureaun of Indian Affairs engineer; C. M. Sells,
superintendent, Ground Water Development Depart-
ment of the Navajo Tribe; J. C. Shorty and J. M.
Holmes, geologist and hydrologist, respectively, for the
Navajo Tribe; Buster Kingsley, Bureau of Indian Af-
fairs supervisor for the Hopi Indians; the Navajo
Tribal Council; and other personnel of the Bureau of
Indian Affairs and the two tribes.

The collection of hydrologic data was greatly facili-
tated by the cooperation given by personnel of pumping
stations of the El Paso Natural Gas Co., of religious
institutions, and of trading posts. Valuable assistance
was given by many water-well drillers, most of whom
have collected drill cuttings and supplied hydrologic
data since 1948. Special thanks are given the Cowley
Bros. Drilling Co., St. Johns, Ariz.; the Perry Bros.
Drilling Co., Flagstaff, Ariz.; the Myers Drilling Co.,
Holbrook, Ariz.; and O. C. Robinson, Tucson, Ariz.

In so large an area, it was imperative to confer with
other geologists working in the area, and thanks are
given L. C. Craig, J. H. Stewart, G. A. Williams, E. D.
McKee, J. D. Strobell, Jr., J. B. Reeside, Jr., R. B.
O’Sullivan, T. E. Mullens, D. G. Wyant, and V. L. Free-
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man, all of the Geological Survey, who contributed
substantially to these conferences.

Special credit is due S. H. Congdon and H. G. Page,
who operated a sedimentological laboratory for the
study of the sedimentary rocks of the Navajo and Hopi
Indian Reservations and who made and interpreted
laboratory analyses.

The authors gratefully acknowledge the substantial
help given by Alfonso Wilson and N. C. Matalas of the
Geological Survey during the preparation of the sec-
tions concerning climate and drainage.

SEDIMENTARY FEATURES

The rock type, color, particle size, rounding, sorting,
composition, accessory minerals, and cementation are
recorded in all lithologic descriptions of the sedimen-
tary rocks. Grain sizes of detrital rocks are described
generally in accordance with the classification presented
by Wentworth (1926). In his classification, detrital
rocks are listed in order of increasing coarseness as clay-
stone, siltstone, sandstone, granule conglomerate, and
pebble conglomerate. These types grade into one
another, and modifying terms can be used, such as
“sandy siltstone” or “silty sandstone.” Additionally,
the term “mudstone” is used to designate a rock con-
taining nearly equal proportions of silt and clay. The
color designation was determined from the rock-color
chart distributed by the National Research Council
(Goddard, 1948), and the determination of grain size,
roundness, and degree of sorting was made by visual
comparison with charts prepared by Payne (1942).
Particle size in order of increasing grain size includes
clay; silt; very fine grained, fine-grained, medium-
grained, coarse-grained, and very coarse grained sand;
granule; pebble; cobble; and boulder, according to the
Wentworth grade scale (table 1). The grains are classi-
fied as well rounded, rounded, subrounded, subangular,
or angular. The sorting is indicated as well sorted, fair

TasLe 1.—Particle-size classification for deirital rocks
[After Wentworth (1926)]

Size (diameter, in mm) Clagsification
256 e Boulder.
28664 _ . e Cobble.
644 . e Pebble.
A= e Granule.
2 Very coarse sand.
) O Coarse sand.
Y e e e e Medium sand.
| ¢ U Fine sand.
8 e e e e e e Very fine sand.
6088w o e Sils.
< B e e Clay.

HYDROGEOLOGY, NAVAJO AND HOPI INDIAN RESERVATIONS

sorted, and poorly sorted and, in general, is restricted to
sandstone. Material is well sorted if more than 90 per-
cent of the grains is in two adjacent particle-size ranges
(Payne, 1942), or fair sorted if more than 90 percent of
the grains falls into three or four adjacent ranges.
Quartz grains are the main constituents of the sedi-
ments, and they are described as clear, stained, frosted,
or amber. Readily identifiable accessory minerals are
pyrite, gypsum, calcite, and mica. Where the accessory
minerals are not easily identifiable, their color preva-
lence and other readily distinguished characteristics are
described. The clastic rocks are well, firmly, and weakly
cemented, and, where recognizable, the composition of
the cement is noted. A noncalcareous, weakly cemented
sediment is considered to have an “argillaceous” cement.

The description of the bedding and splitting proper-
ties in most chapters of this report closely follows the
bedding description of McKee and Weir (1953), as
modified by Harshbarger, Repenning, and Irwin (1957),
with the exception that thinly laminated and laminated
bedding may be referred to as very thin bedded (table
2).

TasLe 2.—Classification of bedding and splilting properties of
layered rocks

{After Harshbarger and others (1957)]

Bedding Splitting property Thickness
Very thiek___.______ Massive.______..___ >120 em (4 ft).
Thiek__ . ._____ Blocky_ ... 60;1)20 em (2-4
t).
Thin. .o Slabby - oo 6—?(; em (2 in~2
Very thin._____.___ . Flaggy_ ... 1-5 em (%-2 in).
Laminated. ... ____ ‘%haly (mudstone)___ 2 mm~1 em.

Platy (limestone and 2 mm-1 cm.
sandstone).

Thinly laminated __ Fissile ... ... __. <2 mm (paper
thin).

Crossbedding or cross stratification is divided into
three types—simple, planar, and trough—on the basis
of the external features of a unit displaying similarly
oriented crossbeds, as described by Harshbarger and
others (1957, p. 58) as follows:

The simple type shows no apparent signs of erosion along the
bounding surfaces of the individual groups of crossbeds. The
planar type is marked by flat surfaces of erosion bounding the
group. The trough type is marked by curved surfaces of erosion
bounding the group. Festoon crossbedding would be a special-
ization within the trough type, as its lower boundary is obviously
a curved surface of erosion. What often has been referred to
as torrential crosshedding ordinarily fallg into the planar type.
Minor descriptive terms used to modify the three major types
are tabular (parallel planar surfaces), wedge (converging
planar surfaces), and lenticular (converging curved surfaces).
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The crossbeds, as shown in the following tabulation,
are classified as to shape, angle of dip, size, and thick-
ness:

Shape . Concave or convex (upward).
Angle of dip:
High . ___ >20°.
Medivm _..______. 10°-20°
LOW <10°
Size or scale:
Large . _____.. >20 1t
Mediom ... ___. 1-20 £t
Small ___________ <1 ft
Thickness —.__.______. Same as classification for bedding.

Psendocrossbedding, formed by a progressive ad-
vance of ripples upon each other, is common in silty
fine-grained sandstone and siltstone beds. Commonly,
the upper part of the ripple mark has been removed and
only the lower part is preserved. Well-formed ripple
marks are not common within a pseudocrossbedded unit,
although they may occur at the top of the unit.

The other features of the sedimentary rocks relate to
weathering and topographic expression, such as slopes,
ledges, cliffs, and the size of blocks and particles pro-
duced by weathering. For the most part, the terms are
self-explanatory. Platy weathering generally is associ-
ated with very thin bedded units and flaggy weathering
with thin- to thick-bedded sediments, especially those
consisting of alternating sandstone and siltstone layers.
Hoodoo weathering pertains to rounded, irregular, or
pillarlike forms, which often have been described as
“rock babies.”

TaBLE 3.—Waler-bearing characteristics of sedimentary rocks in the
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GEOLOGY AND OCCURRENCE OF GROUND WATER

Practically all the ground water in the reservations
occurs in sedimentary rocks that overlie relatively im-
permeable granitic and metamorphic basement rocks.
The water-bearing sedimentary rocks consist of sand-
stone, conglomerate, and limestone. Those that do not
bear water consist of mudstone, siltstone, and silty sand-
stone. The thickness, lithology, and water-bearing char-
acteristics of the sedimentary rocks are summarized in
table 8.

Most of the rocks of the Navajo country contain some
water, but only a few formations yield water readily
to wells. The major water-yielding units are the Navajo
and Coconino Sandstones, which form multiple-aquifer
systems with the adjacent strata, and the alluvium,
which receives considerable water as discharge from the
sedimentary rocks. Minor water-yielding units, in
ascending stratigraphic order, are the Shinarump Mem-
ber of the Chinle Formation, Lukachukai Member of
the Wingate Sandstone, Entrada Sandstone, Cow
Springs Sandstone, Morrison Formation, Dakota Sand-
stone, Toreva Formation, Gallup Sandstone, Crevasse
Canyon Formation, Point Lookout Sandstone, Menefee
Formation, Cliff House Sandstone, Chuska Sandstone,
and voleanic rocks. Other units that yield water in ad-
joining regions but only small amounts on the reserva-
tions are the Supai Formation, Sonsela Sandstone Bed
of the Chinle Formation, Ojo Alamo Sandstone, and
the Bidahochi Formation.

Navajo and Hopi Indian Reservations, Arizona, New Mezico, and

Utah
{Data are through 1956}

g g o Water-bearing characteristics

k] g
% i ] Stratigraphic unit Lithology and thickness (feet)
@ @ <} Geners! hydrology Depth of Dspth te

wells (feet) | water (foet)
Navajo country

28 Alluviom: yields generally smsll amounts of

§§ water to wells along the Little Colorado River,
» | 28 Allgvium and terracs de- Chiefly sand, silt, and gravel, 200 San Juan River, and larger tributaries; <225, 50-> 300 10~2>200
] 2 posits. Terrace deposits: yield a small amount of water
g EE to a few springs.
?é Dune deposits Chiefly sand; <100. Yield small amounts of water to a few springs.
<&

2 § Landslde and talus Large slump blocks and slide rubble. | Yield small amounts of water in the Hopi country

g} and in the Chuska Mountains,

Upper and lower members: giltstone, | Yields small amounts of water to a few wells in
Bidahochi Formation sandy siltstone, and sandstons; < 800, central Navajo and Apache Counties; small <700 100-600
= Middle volcanic member: tuff and springs issue from tuff in the Hopi Buttes.

- B basalt flows.
4 |8 Yields water to springs in the Chusks Mountains;
b 5; Chusks Sandstone Chiefly sandstone; 1,000, it is the source of water in the perennial reaches of
& |8 Tsaile, Wheatfields, and iskey Creeks; no

R wells penetrate the formation,

é ® Naecimiento Formation Alternating shaly unita 200-400 feet | Not water besring within the Navajo Indisn

28 thick with sandstone beds 50-100 Reservation.

g o feet thick; >1,000.
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TapLe 3.—Water-bearing characteristics of sedimentary rocks in the Navajo and Hopi Indian Reservations, Arizona, New Mewxico, and
Utah—Continued

Water-bearing characteristies

g 2 o
*E‘ B § Stratigraphic unit Lithology and thickness (feet)
@ ] [} General hydrology Depth of Depth to
wells (feet) | water (feet)
San Juan basin
Ojo Alamo Sandstone Clﬁ;oigizigo sandstone and conglomerate; | Yields water to 8 few springs.
. Chiefly mudstone, siltstone, and silty | Yields water to a fow wells in the Farmington 1,000
Kirtland Shale sandstone; 700, Sandstone Member; shaly parts not water
bearing,
Fruitland Formation Chiefiy mudstone, siltstore, coal, and | Usually not water bearing.
silty sandstone; 700
Pietured Cliffs Sandstone Chiefly sandstone; 100-400. Yields water {o wells and to a few springs nerth-
east of the Chaco River.
o Chiefly claystons to siltstone; 0~400. Ususlly not water bearing; forms confining bed
2 % Lewis Shale between the Pictured Cliffs and Clif House
§ 2 Sandstones.
§ =] Cliff House Sandstone Sandstone; 200-800. Yields water to wells and to a few springs near the
o Chaco River.
X Alternating siltstone, coal, and sand- | Sandstone beds throughout the formation yield <1, 500 Flow-200
Menefee Formation stone beds; 1,100-2,200. small amounts of water to wells in the southern
© San Juan basin.
5] -
g Point Lookout Sandstone, | Chiefly sandstone; 0-300. Yields water to wells in the southern BSan Juan <1,500 Flow
% inclugding the Hosta Tongue basin
= Alternsting siltstone, coal, and sand- | Yields water to a8 few wells in the Gallup ares; <1,000 <500
Cravasse Canyon Formation stonse beds; 700-800. Dalton Sandstone Member is the chief water-
bearing unit.
Gallup Sandstons Chiefly sandstonse; (~300. Yields water along southwestern fiank of the San <1,000 200-508
Juan basin,
Black Mesa basin
Yale Point Sandstons Chiefly sandstone; 100-300. Yﬁlds water to a few springs in northern Black
658,
g 3
s T N Alternating siltstons, coal, and sand- | Sandstone beds yield small amounts of water to a <600 <400
& 4 Wepo Formation stons beds; 300-800. few wells and springs in eentral Black Mesa,
) 13
-
5 ] g Upper and lower merabers are com- | Sandsione units yield small amounts of water to <800 <400
T F 4 posed of sandstons; middie member wells in southern and central Black Mess; base
oreva ¥ormation is composed of silty sandstone, silt- |  of formation is & prominent spring zone in the
stone, and coal; 200-400. Hopi country.
Navajo conntry
% Mancos Shale Clxlieﬁy claystone to siltstone; 500~ | Usually not water bearing.
=) ,800.
% = P Unit is the chief aguifer of the D multiple-aquifer
8'% =9 Dakota Bandstone t Sandstone, siltstone, and coal; 100. system ?%; yields small amounts of water to wells 200-1, 000 Flow-500
3 [Ed5 in the southern part of Black Mesa basin;
A some of the wells flow.
© = Burro Canyon Formation | Siltstone and mudstone; <300. Usually not water bearing.
g
)
Morrison Formation Alternating sandstone and siltstone | Sandstone units yield small amounts of water to 200-700 150600
beds; 200~600. wells in northern Apache and Navajo Counties.?
. Yields small amounts of water in Chinle Valley
Cow Springs Sandstone Intertonguing sandstones; 100-300. ares and in the southern and eastern parts of 200-500 100-400
Black Mesa basin.?
5 Bluff Sandstone
2 & Summervilte Formation Siltstone and some sandstone; 100~200. | Usually not water bearing; sandy facies ylelds
ﬁ = some water to springs in the Chuska Mountains,
é E Todilto Limestone Limestone and sandstone; 0-~75. Usnally not water bearing.
§ Yields water to a few springs in the northern part
o Entrada Sandstone Sandstone and some siltstone; 50-350. of the Navaje Indian Reservation; yields small 200600 150506
2 amounts to wells in the Chinle Valley area and
in the southern part of Black Mesa basin.
D
E Siltstone and some sandstone; 0-300. Yields water to a few small springs in northeastern
= Carme]l Formation Coeonino County; forms upper confining bed of
b the N multiple-aquifer system.

Hee footnotes at end of table,
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TanLe 3.—Water-bearing characteristics of sedimentary rocks in the Navajo and Hopi Indign Reservations, Arizona, New Mezico, and
Utah—Continued

g g a Water-bearing characteristics
g B § Stratigraphic unit Lithology and thickness (feat)
& @ & General hydrology Depth of Dapth to
wells (feet) | water (feet)
Navajo conntey—Continned
s € Unit is the chief aquifer of the N multiple-aquifer
“g.ﬂ Navajo Sandstone Sandstone; 0-1,800; thickens north- gystem % yields small to medium amounts of 100-1, 500 801, 400
gg westward. water prineipally in the northern part of the
] g Navajo Indian Reservation: base of formation
- i3 conspicuous spring zone,
= Chiefiy s sendstons in the northern | Yields water to & few springs; tongues of the
o S Kayenta Formation gart. of the Navajo Indian Reserve- Navajo Sandstone in the upper psrt of the <A Flow-50
5 b g jon; chiefly s siltstone in south- formation yield small amounts of water to wells
E & S %%stem part of the reservation; 0~ near Tuba City ¥ a few of these wells flow,
o) =] o .
& é‘,’ Moenave Formation Si%)t_yéogandstone and sandy silistone; | Not water bearing.
Lukachukai Member is o sandstone; | Yields small and moderate amounts of water to
Wingate Sandstone 8-300. ggrings and wells in northern Apache and 300-800 100700
avajo Counties.?
Rock Point Member is a siltstone and | Yields some water to springs; unit generslly does
siléy sandstone; (~800, not yleld sufficient water for drilled wells.
Chinle Formation {ezclud- | Alternating shaly units 200-400 feet | Shaly units ar¢ not water bearing; sandstone beds
ing Shinaramp Member) thick with sendstons beds 50-100 yield small smounts of water to springs and wells
’2 feet thick; formation 850-1,600 feet on the Dafi Platean; 8 s Sandstone Bed
= thick. and sandstone beds in the Monitor Butte Mem-
= ber are water yielding in the Deflance uplift and
© the Zuni Mountains.
g Locally, yields small amounts of water to wells
EE Shingrump Member of the | Sandstone and some conglomerate and springs throughout northeastern Arizona; 100-2, 500 Flow-800
Chinle Formation and mudstone; 0-200. it is connected hydrologically with the Coconino
g)e Chelly) Sandstone of Permian sge in the
efiance uplift aren.t
& Moenkopi Formation Siltstone and some sandsione; 0~400. | Yields a small amount of water to a few wells, 100-300 80200
&
g
E
E
W
Grand Canyon srea
Ealbab Limestone | Limestone and some limy sandstone; | Yields small amounts of water to & few wells near 100-300 106-250
0-300. Leupp.t
Torowesp Formation Chiefly sandstone; 0-100. | Usually not water bearing in the Navajo country.
g ) ? Coconine Sandstone Sandstone; 50-700. Unit is the chisf aquifer of the C multiple-aquifer 100-1, 500 Flow-1, 000
E g ] systemn;¢ ylelds small to large smounts of water :
& el fé to wells in southwesiern part of Navajo country.
Hermit Shale Chiefly sandy siltstone; 200. Not water bearing.
Supsai Formation Chiefly silistone and ssndstone; 400~ | Uppermost ssndstons beds of formation inter- | 150~2>2,000 100-2, 080
. 700. connect hydrologically with the Coconino Sand-
& E stone.!
i
% § Redwall Limestone Limestone; 0-500. Yields large amounts of water to Blue Spring in
kS canyon of the Little Colorado River.
=g
° Muav Limestone Limestone; 0~300. Yields small amounts of water to a few sgrings in
1= Marble and Grand Canyons; most of the water
< moves into the formation from the Redwall
g 3| s Limestona,
8 =
5 - g Bright Angel Shale Shale; 0-600. Not water bearing.
@
© E Tapeats Sandstone Sandstone snd some conglomerate; | Vields small amounts of water to springs in Grand
= partly quartzitic; 0-250. Canyon.

See footnotes at end of table.
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TarLe 3—Water-bearing characteristics of sedimeniary rocks in the Navajo and Hopi Indian Reservations, Arizona, New Mexico, and
Utah—Continued

g w a Water-bearing characteristics
% = :
ié | 8 Stratigraphic unit Lithology and thickness (feet)
ks 51 <) General hydrology Depth of Depth to
wells (feet) | water (fest)
Monument Valley avea
g De Chelly and Cedar Mesa Sand- | Sandstone members yield small amount sof water <700 <400
= stone Members are composed chiefly to a few wells and springs.¢
E Cutler Formation of sandstone; Organ Rock and Hal-
& gaito Tongues are composed chiefly
of sandy siltstone; 1,800
o
g Rico Formation Alternating sandstone, siltstone, and | Usually not water bearing.
3 limestone beds, 300-600.
§‘ Hermosa Formation Alternating lmestone, siltstone, and | Fow springs issue from unit in upper San Juan
1 sandstone beds; 1,000-1,300. Canyon.
&
Defiance Platean area
g Upper member is composed chiefly Uﬁper member yields water to wells; combines <700 < 500
= of sandstone; vdraulieally with Shinaramp Member of the
E De Chelly Sandstone Lower member is composed of sand- Chinle Formation.
& stone and silty sandstone; 300-800.
g
g
JE' Supsal Formation Chiefly silty sandstone; 400-1,300. Yields water to a few springs.
&
=4
i
[
Zuni Mountains

San Andres Limestone Chiefly limestone and siltstone; 0-100. | Usually not water bearing.*
2 Glorieta S8andstone Chiefly sandstons; 300. Yislds small amounts of water to wella.t 300-1, 600 <1, 000
QE, Yeso Formation Chiefly sandstone. Usually not water bearing.
S

Abo Formation Chiefly sandstone. Usually not waler bearing.

! The Dakota Sandstone is Late Cretaceous in age where the Burro Canyon For~
mation is differentiated.

? The D multiple-aquifer system is in the Dakota Sandstone and locally the Cow
%pring§‘Sandstone and the Westwater Canyon Sandstone Member of the Morrison

ormation.

3 The N multiple-aquifer system is in the Navajo Sandstone which intertongues
with the Kayenta Formation in the western part of the reservations, the sandy facies
of the Kayenia Formation in the north-central part of the reservations, snd the
Lukachukal Member of the Wingate Sandstone.

BASEMENT ROCES

The rocks of the basement complex in the Navajo
country are of Precambrian age and are generally 2,000~
7,000 feet below the land surface. They are exposed
within the confines of the reservations in only three
. small areas on the Defiance Plateau (pl. 1). Other expo-
sures of basement rocks near the reservations are in the
Grand Canyon and Zuni Mountains.

The basement complex in the Grand Canyon is
divided informally into the older and younger Precam-
brian rocks. The older Precambrian rocks consist chiefly
of gneiss and different amounts of schist, granite, aplite,
and igneous rocks of mafic composition. Many of the
metamorphic rocks in the Grand Canyon are assigned to
the Vishnu Schist (Noble, 1914, p. 832-36). The Vishnu
Schist, based on meager deep-well data, apparently is

4+ The C multiple-aquifer system is in the De Chelly SBandstone and Shinarump
Member of the Chinle Formation on the Defiance Plateau, the De Chelly Sandstone
Member of the Cutler Formation in Monument Valley, the Glorieta SBandstone and
San Andres Limestone in New Mexico, and the Coconino Sandstone, Kaibab Lime-
stone, and upper part of the Supal Formation in parts of the Mogollon Slops and
Grand Canyon areas.

not distributed extensively to the east in the Navajo
country.

The Grand Canyon Series of younger Precambrian
age overlies the Vishnu Schist unconformably, is nearly
12,000 feet thick, and consists of sandstone, shale, and
limestone. The younger Precambrian rocks are weakly
metamorphosed and were involved in large-scale normal
faulting before Farly Cambrian time. The Grand
Canyon Series may have been deposited over much of
the western Navajo country and, if deposited, was re-
moved by erosion during late Precambrian and early
Paleozoic time.

Basement rocks presumably of Precambrian age are
exposed on the Defiance Plateau in two small canyons
near Hunters Point and in Bonito Canyon (pl. 1). The
exposures near Hunters Point consist of granite,
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quartzite, schist, silicified limestone, greenstone, and a
low-grade phyllite (J. P. Akers and P. R. Stevens,
written commun., 1955; Lance, 1958, p. 69-70). These
rocks underlie the Supai Formation unconformably, but
because the outerops are small and isolated, their strati-
graphic relations are not apparent. The guartzite ex-
posed in Bonito Canyon is highly fractured, contains
pebbles of quartzite and phyllite, and displays some
crossbedding.

Although the basement rocks are fractured and may
yield some water locally, these rocks as a whole form the
basal confining layer to the hydrologic systems in the
overlying sedimentary rocks. Small amounts of water
issue from seeps and small springs in fractured and
weathered parts of the Vishnu Schist in the Grand
Canyon (Metzger, 1961, p. 114, 124), and water moving
along fractures in the quartzite of Bonito Canyon may
discharge into the alluvium along Bonito Creek west of
Fort Defiance.

SEDIMENTARY ROCKS

The outeropping sedimentary rocks in the reservations
rangs in age from Early Cambrian to late Tertiary.
Rocks of Permian and younger age are exposed in about
95 percent of the area. The aggregate thickness of the
sedimentary rocks ranges from 1,100 feet on the Defiance
Plateau to more than 10,000 feet in the San Juan basin.
The sedimentary rocks are overlain by thin, discontinu-
ous mantles of weakly consolidated dune sand, alluvium,
. terrace deposits, and landslide rubble.

The sedimentary rocks consist, in order of decreas-
ing abundance, of mudstone, siltstone, sandstone, silty
sandstone, limestone, conglomerate, coal, and gypsum.
Mudstone and siltstone units are distributed throughout
the geologic column and are of marine, fluvial, and la-
custrine origin. The sandstone and most of the silty
sandstone units are composed of very fine to medium-
grained sand and represent fluvial, eolian, and near-
shore marine environments. Some of the sandstone units
of fluvial origin contain lenses of conglomerate or zones
of pebbly material. Limestone is relatively uncommon in
the area, but it was deposited in marine and lacustrine
environments. Dolomite was rarely deposited and,
where found, is usually with limestone. Small deposits
of gypsum, as beds, nodules, or selenite plates, may oc-
cur in much of the stratigraphic section. Impure coaly
sediments deposited along the margins of marine seas
are common throughout the Cretaceous rocks. Relatively
pure coal beds, some of which have been mined inter-
mittently for several decades, occur in only a few for-
mations.

312-113 6—66—3
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RECIONAL CONTROLS OF SEDIMENTATION

Sedimentation was influenced by two major geosyn-
clines. The Cordilleran geosyncline to the west of the
Navajo country lasted throughout all the Paleozoic Era
and part of Triassic time (fig. 2). The Rocky Mouxn-
tain geosyncline to the north and northeast was present
during Cretaceous time, Regional upwarping and orog-
eny at the end of the Mesozoic Era destroyed the Rocky
Mountain geosyncline and formed basins, which were
centers of deposition during much of Cenozoic time.

During Paleozoic time, the Navajo country was part
of a rather stable shelf region, which extended eastward
from the Cordilleran geosyncline. Regional structural
warping caused repeated advance and withdrawal of
the sea across the shelf, where, in general, deposits are
thinner than those to the west in the Cordilleran geo-
syncline (McKee, 1951, p. 488). During the late Paleo-
zoic and for part of Triassic time, several highlands
were elevated and were a source for much of the sedi-
ment deposited in the Navajo country. The Uncompah-
gre Highlands were elevated to the northeast (Bur-
bank, 1933, p. 641-652) and contributed much material
to the late Paleozoic and Triassic rocks. The Mogollon
Highlands were formed in Early Triassic time (Cooley,
1957) and were a source for much of the Mesozoic dep-
osition (Harshbarger and others, 1957, p. 44).

During Late Triassic and Barly Jurassic time, major
regional structural changes occurred in the southwest-
ern Unted States. The area occupied by the Cordilleran
geosyncline was elevated, and a new structural trough,
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the Rocky Mountain geosyncline, was formed eventually
during Cretaceous time in central North America (fig.
2). The area of the Uncompahgre Highlands northeast
of the Navajo country was generally low, and the Mo-
gollon Highlands to the south continued to furnish sed-
iment to formations deposited in the Navajo country
and surrounding areas. As a result, Jurassic and Cre-
taceous sediments are coarse nearer the Mogollon High-
lands but thicken and are finer grained northeastward
across the Navajo country.

Near the end of Mesozoic time another disturbance,
sometimes called the Laramide orogeny, which lasted
from Late Cretaceous to early Tertiary time, caused the
final withdrawal of marine waters and the formation of
structural basins of the Colorado Plateaus and nearby
regions. The thickest accumulations of Tertiary sedi-
ments were in the San Juan and Ulnta basins. Most of
these sediments were removed largely by late Cenozoic
erosion. Regional upwarping in late Tertiary time re-
sulted in the outlining of the Colorado Plateaus and
nearby mountains and the development of the Colorado

River system.
PALEOZOIC ROCKS

The basal Paleozoic rocks, Farly and Middle Cam-
brian in age, are, in ascending order, the Tapeats Sand-
stone, Bright Angel Shale, and Muav Limestone (table
3). These units record the earliest marine invasion of
the Navajo country from the Cordilleran geosyncline
during Paleozoic time. Disconformity above these rocks
are remnants of the Devonian Temple Butte Limestone,
which are “sandwiched” locally between the Muav
Limestone and the Redwall Limestone of Mississippian
age. The Redwall is more than 500 feet thick in the
Grand Canyon and is the thickest limestone unit in the
Navajo country. These older Paleozoic rocks are
exposed near the Colorado River and are in the sub-
surface in all but the southeastern part of the reserva-
tions (McKee, 1951, pl. 1). Rocks of Ordovician and
Silurian age are missing, and it is doubtful that any
were deposited. Because the older Paleozoic rocks are
buried to depths of more than 1,500 feet, they are not
utilized as aquifers. A few springs issue from these
rocks in canyons of the Colorado and Little Colorado
Rivers. Blue Spring, the largest spring in northern
Arizona, discharges from the Redwall Limestone in the
canyon of the Little Colorado River.

Younger Paleozoic rocks of Pennsylvanian and Per-
mian age rest unconformably on the Redwall Limestone
and older rocks throughout the southern part of the
Colorado Plateaus (pl. 1; table 3). In the Navajo coun-
try they range in thickness from 1,000 to nearly 3,000
feet. The formations of Pennsylvanian age—the

Hermosa and Rico Formations in the north and the
Naco Formation and the lower part of the Supai Forma-
tion in the south—represent various combinations of
continental and marine depositional environments and
consist of shale, limestone, and sandstone.

Rocks of Pennsylvanian age grade upward and inter-
tongue with a red-bed sequence, chiefly of Permian age,
that is of continental, near-shore, and shallow-water
marine origin. This sequence includes the upper parts of
the Supai, Cutler, and Yeso Formations. Giant wedges
and lenticular masses of eolian crosshedded sandstone
are intercalated within the red beds. The principal
eolian rocks are the Coconino Sandstone and parts of
the Glorieta and De Chelly Sandstones.

The youngest Permian rocks record the last Paleo-
zoic marine transgression in the Navajo country. The
San Andres Limestone was deposited in the south-
eastern part of the Navajo country and the Kaibab
Limestone and Toroweap Formation in the western
part. Facies changes in the Kaibab and Toroweap are
thought by McKee (1938) to be indicative of multiple
transgressions and regressions of the seas.

The Coconino Sandstone and its lateral equivalents,
the De Chelly and Glorieta Sandstones, are the chief
Paleozoic water-bearing units in the southern part of
the Colorado Plateaus. These units are interconnected
hydraulically and, with the upper part of the Supat
Formation, Kaibab Limestone, and Shinarump Mem-
ber of the Chinle Formation in the Defiance Plateau,
form the C multiple-aquifer system. The hydrologic
characteristics of the system seem to be controlled
regionally by lithologic characteristics and bedding
(fig. 3) and locally by fractures and joints.

MOENKOPE AND CHINLE FORMATIONS

The Moenkopi and Chinle Formations in the Navajo
country unconformably overlie the Permian rocks and
are a mudstone and siltstone sequence that erodes into
spectacular multicolored badlands and “painted deserts”
in many parts of the Colorado Plateaus. These rocks are
1,100-1,600 feet thick and form the upper confining
layer of the C multiple-aquifer system. The Moenkopi
Formation was deposited during the last eastward
transgression of the sea from the Cordilleran geosyn-
cline. After a period of widespread erosion, the Chinle
Formation was deposited by streams originating in the
Mogollon and Uncompahgre Highlands. The sediments
of both formations are slightly coarser in the south-
eastern part of the Navajo country, where several thin
persistent beds of sandstone and conglomerate yield
small amounts of water to wells.
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GLEN CANYON GROUP OF TRIASSIC AND JURASSIC AGE

The Glen Canyon Group, a sequence of orange-red
and grayish-red sandstone and siltstone beds, includes,
in ascending order, the Wingate Sandstone, Moenave
Formation, Kayenta Formation, and Navajo Sand-
stone. The basal Rock Point Member of the Wingate
generally is conformable with the topmost members of
the underlying Chinle Formation, but the other units
of the group seem everywhere to be disconformable with
the Chinle (Harshbarger and others, 1957, p. 5-7). The
Glen Canyon Group decreases in thickness from 2,300
feet near the Colorado River to less than 200 feet in
the Zuni Mountains, and no unit of the group is present
in all parts of the reservations, The Wingate Sandstone
wedges out in the northwestern part, and the other for-
mations wedge out to the southeast (pl. 1).

The Navajo Sandstone and the Lukachukai Member
of the Wingate Sandstone are even-grained sandstone
units displaying large-scale crossbeds, and both prob-
ably were deposited by wind. In contrast, the other
units of the Glen Canyon Group are composed of silt-
stone and silty sandstone deposited by streams that
flowed from highlands generally east of the reserva-
tions. Intertonguing is conspicuous between all the units
of the group.

The sandstone aquifers of the Glen Canyon Group
are utilized extensively in the northern and western
parts of the reservations. The yields are dependable, al-
though generally small, and the water is of good chemi-
cal quality. The Navajo Sandstone is the chief aquifer.
In the north-central part of the reservations the Navajo
combines hydraulically with the sandy facies of the
Kayenta Formation and with the Lukachukai Member
of the Wingate Sandstone to form the N multiple-
aquifer system. In the western part of the reservations
the silty facies of the Kayenta acts as a confining bed
and separates the ground water in the Navajo Sand-
stone from that in the Lukachukai Member of the Win-
gate.

UPPER JURASSIC ROCKS

Upper Jurassic rocks consist of sandstone, silty sand-
stone, and siltstone units that are divided into the San
Rafael Group, Morrison Formation, and Cow Springs
Sandstone. These rocks thin southward from 1,500 feet
near the San Juan River to about 300 feet in the south-
western part of the reservations.

The San Rafael Group was deposited seaward and
landward of the Late Jurassic shoreline, which ad-
vanced into the Navajo country from the north. At its
maximum transgression, as indicated by the distribu-
tion of the Todilto Limestone, an arm of the Late Jur-
assic sea extended into northeastern New Mexico. The
Morrison Formation was deposited by streams during

HYDROGEOLOGY, NAVAJO AND HOPI INDIAN RESERVATIONS

the withdrawal of this sea from the southern part of
the Colorado Plateaus. The Cow Springs Sandstone and
its lateral correlative, the Bluff Sandstone, were de-
posited by the wind in the southwestern and northeast-
ern parts of the reservations, respectively. These sand-
stone units intertongue with most formations of the
San Rafael Group and with the Morrison Formation.

Water in the Upper Jurassic rocks occurs chiefly in
the sandstone units of eolian and fluvial origin. These
units are the Entrada, Cow Springs, and Bluff Sand-
stones, and sandstone beds in the Morrison Formation.
The other units of the Upper Jurassic rocks do not
yield water to wells and generally are the confining beds
between the aquifers. The Cow Springs Sandstone,
Morrison sandstone, and overlying Dakota Sandstone
are connected hydraulically at their contact and form
the D multiple-aquifer system (fig. 4). Large-scale in-
tertonguing between the Cow Springs Sandstone and
the Morrison Formation (fig. 4) greatly enhances the
probability of obtaining sufficient yields from deep
wells in these formations in many parts of the
reservations.

CRETACEOUS ROCKS

Rocks of Cretaceous age crop out on Black Mesa and
in the San Juan basin (pl. 1; table 3). Cretaceous rocks
are about 1,500 feet thick on Black Mesa and more than
5,000 feet thick in the San Juan basin. Rocks of Late
Cretaceous age make up the bulk of the Cretaceous
rocks. Early Cretaceous deposition is represented only
by the Burro Canyon Formation in the Four Corners
area, and elsewhere by the Dakota Sandstone of Early
and Late Cretaceous age.

The Dakota Sandstone was laid down along the edge
of a transgressive sea, which was the last major marine
inundation of the area. This sea reached its maximum
extent during the deposition of the lower part of the
Mancos Shale. From that time onward, the Creta-
ceous sea, with intermittent fluctuation, gradually re-
ceded. Deposition within and adjacent to seaways re-
sulted in complex intertonguing between the Mancos
Shale and the continental and near-shore deposits of
the Mesaverde Group. Sandstone was deposited along
the advancing and retreating shorelines; mudstone and
siltstone were deposited in the marine waters; and sand-
stone, siltstone, and carbonaceous material, including
some coal, were deposited shoreward of the coastal areas
(fig. 5).

The youngest strata of Cretaceous age are exposed
only in the northern part of the San Juan basin and
were deposited during the final withdrawal of the sea.
The Cliff House Sandstone, the youngest formation of
the Mesaverde Group, intertongues with the Mancos
Shale below and the Lewis Shale above. The Lewis
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Shale is between the Cliff House and Pictured Cliffs
Sandstones north of the Chaco River. Southwestward
thinning and wedging out of the Lewis Shale causes
a coalescing of the Cliff House and Pictured Cliffs
Sandstones near the Chaco River. Post-Pictured Cliffs
Cretaceous deposition is represented by the coal-bearing
Fruitland Formation, the Kirtland Shale, and the con-
glomeratic Ojo Alamo Sandstone. The Ojo Alamo
Sandstone unconformably overlies the Kirtland Shale
and grades upward into the Nacimiento Formation of
early Tertiary age.

Ground water in the Cretaceous rocks is withdrawn
principally from the Dakota Sandstone, Toreva For-
mation in Black Mesa basin, numerous sandstone units
of the Mesaverde Group—Gallup Sandstone, Dalton
Sandstone Member, and other sandstone beds in the
Crevasse Canyon Formation, sandstone beds in the
Menefee Formation, and Cliff House Sandstone (fig.
5)—in San Juan basin, Pictured Cliffs Sandstone, and
Ojo Alamo Sandstone.

The Dakota Sandstone combines hydraulically with
the Cow Springs Sandstone and Westwater Canyon
Sandstone Member of the Morrison Formation and is
the chief unit of the D multiple-aquifer system. This
aquifer system is well developed in the Black Mesa ba-
sin and in the southwestern part of the San Juan basin.
The Mancos Shale is a thick aquiclude that separates
the ground water in the Dakota Sandstone from that in
the sandstone aquifers of the Mesaverde Group (figs.
4, 5). All the water-bearing units of the Mesaverde
Group intertongue with the silty units of the group
and with the Mancos and Lewis Shales. This inter-
tonguing controls the occurrence and yield and restricts
regional movement of the ground water. North and east
of the Chaco River the Lewis Shale separates the water
of the ClLiff House Sandstone—the uppermost unit of
the Mesaverde Group—and the water of the Pictured
Cliffs Sandstone. South of the river the Lewis wedges
out, and the Cliff House and Pictured Cliffs Sand-
stones join to form a single water-bearing stratum
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that has been tapped by numerous wells. Only a few
~springs issue from the Ojo Alamo Sandstone on Mount
Cisco Mesa, and a few wells withdraw a small amount
of water from the unit east of the reservations.

TERTIARY ROCKS

Erosion after regional uplift was the dominant geo-
logic process during Tertiary time; however, sedimen-
tary rocks of Tertiary age are present in three areas
of the reservations (pl. 1). The Nacimiento Formation
of Paleocene age crops out in the San Juan basin, the
Chuska Sandstone of Pliocene(?) age forms the thick
capping layer on the Chuska and Lukachukai Moun-
tains, and the Bidahochi Formation of Pliocene age
is exposed in the valley of the Little Colorado River.
The Chuska Sandstone and the Bidahochi Formation
overlie prominent erosion surfaces, which bevel the pre-
Tertiary rocks. The Nacimiento Formation was de-
posited during the late part of the structural episode
that formed the San Juan and other basins of the Colo-
rado Plateaus. The Chuska Sandstone contains beds
of eolian and fluvial origin and presumably is a remnant
of a widespread deposit. A remnant of a deposit similar
in lithology to the Chuska Sandstone in the Chuska-
Lukachukai Mountains is present beneath lavas at
the Mount Powell Lookout near Thoreau, N. Mex. It
was laid down after the formation of the basins and
other fold structures and before the development of the
Colorado River system in late Tertiary time. The
Bidahochi Formation was laid down as basin fill in the
ancestral valley of the Little Colorado River.

The Tertiary formations, because of their small areal
extent, yield only a limited amount of water. One of
the main spring horizons in the Nava]o counitry {Greg-
ory, 1916, p. 138, fig. 14), however, is along the lower
contact of the Chuska, Sandstone. The Bidahochi For-
mation contains little water within the reservations,
but southward it yields considerable water to wells.
The Nacimiento Formation bears virtually no water.

QUATERNARY DEPOSITS

Unconsolidated sediments, mainly of Quaternary age,
in order of hydrologic importance are the alluvial, ter-
race, landslide, and eolian deposits (pl. 2) ; the Quater-
nary deposits mostly are less than 30 feet thick but are
as much as 225 feet thick in a few places. They form a
discontinuous, rather permeable mantle over large parts
of the reservations. The alluvium is the chief source of
water in dug wells; it is also the source of water in
springs and drilled wells in several parts of the reser-
vations, especially where water discharges from the
bedrock aquifers into the alluvium (pl. 2). Depth to
water in wells drilled in the alluvium is shallow—the

Al17

depth ranges from a few feet to about 100 feet below the
land surface. Few wells or springs are developed in the
other Quaternary deposits.

VOLCANIC ROCKS

The eruptive rocks are composed of basalt, monchi-
qulte, or minette, and they occur in flows, dikes, breccia
pipes, diatremes, cinder cones, and tuff deposits in widely
separated voleanic fields. Ground water is yielded from
material filling the diatremes in the Hopi Buttes and
the Defiance Plateau (Callahan and others, 1959 ; Akers,
McClymonds, and Harshbarger, 1962), and discharges
as springs from flows and tuff beds.

The volcanic rocks are divided by composition into
three provinces; the monchiquite and minette provinces
(Shoemaker, 1956) cover most of the southwestern and
northeastern parts of the reservations, respectively, and
the basalt province, a part of the San Francisco volcanic
field, is along the southwestern border (pl. 2). There
are a,boutl 200 volcanic vents in the Hopi Buttes in an
area of 1,400 square miles. Another 100 vents are in
small scattered groups in other parts of the Navajo
country. Impure travertine deposits at springs are as-
sociated with the volcaniec rocks in the Hopl Buttes (pl.
1), and many of the diatremes show evidence of past
spring activity. The upper parts of some diatremes are
filled with bedded tuff and limestone and some thinly
laminated claystone and siltstone (Shoemaker, 1956,
p. 179-185).

The voleanic rocks are late Cenozoic in age, as in-
dicated by rvelations of the voleanic rocks to erosional
stages in the Colorado River system and to Tertiary
formations. Dikes and sills intruded the Chuska Sand-
stone of Pliocene(?) age, and flows, where preserved,
filled valleys as deep as 300 feet in the Chmska. The
volcanic rocks of the Hopi Buttes volcanic field were
assigned by Repenning and Irwin (1954, p. 1823) to the
voleanic member of the Bidahochi Formation, which oc-
curs between the upper and lower sedimentary members
of the Bidahochi of Pliocene age. All the voleanic rocks
of the monchiquite and minette provinces were em-
placed during the early stages of entrenchment of the
Colorado River system in late Tertiary time. (See “En-
trenchment of the Colorado River System,” p. A34.) Ba-
salt of the San Francisco volcanic field caps terraces
that are in the valley of the Little Colorado River and
ranges in age from late Pliocene to early Recent (Cooley,
1963).

STRUCTURE

The reservations are in the south-central part of the
Colorado Plateaus province, which is characterized by
the absence of the severe deformation that took place
nearly everywhere along the plateaus boundary. This
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province has been relatively stable since late Precam-
brian time and was only moderately affected by the
orogeny of Late Cretaceous and early Tertiary time.
Within the Navajo country this orogeny produced an
assortment of folds—basins, uplifts, monoclines, anti-
clines, and synclines (p. 1. 1; fig. 6). In late Tertiary and
Quaternary time, the area was upwarped and locally
faulted.

The larger folds are termed “basins,” “uplifts,” and
“upwarps,” and follow generally the definitions of
Fardley (1951, p. 5). The Kaibab, Defiance, and Zuni
domes are uplifts, and the Monument dome, being larger
than the uplifts, is an upwarp. Echo and Circle Cliffs
domes have been referred to both as anticlines and small
uplifts. The basins are somewhat arbitrarily defined,
and they include only the deeper parts of downwarped
areas {Kelley, 1955, p. 23).

The smaller folds are monoclines, anticlines, and syn-
clines. The most conspicuous of these are the mono-
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clines, which may be associated either with the basins
and uplifts or with smaller folds.

LARGER FOLDS

The Colorado Plateaus is 3 huge saucer-shaped epiro-
genic platform that is bordered by complex structures
in the mountainous regions of Colorado, Utah, Arizona,
and New Mexico. The continuity of the platform is in-
terrupted by a series of downwarped and upwarped
regions that trend roughly northwestward between the
San Juan Mountains and the mountains of central Ari-
zona. The Colorado Plateaus contains two broad region-
ally downwarped areas or troughs separated by an up-
arched region (fig. 7). This uparched region is accentu-
ated by the Zuni, Defiance, Monument, and Circle Cliffs
domes (fig. 6). One trough extends across the western
part of the Navajo country and is made up of the Kai-
parowits and Black Mesa basins and the St. Johns sag;
the southern part of this trough was referred to as the
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Fraure 6.—Hydrologic basing and chief structural features that influence the occurrence of ground water.
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MEW MEXIO

Antielianl axis
|
i

Byaeling! axis
Faguwe Vo-Largeseale folde in parts of Arigong, New Mexig,
Titah, and Oolorade,

Tusaynn dowowarp by Gregory (1917, p. 112). The
other trough ineludes anly the northesstern part of the
Navajopountry and comprises the San Juan, Blanding,
and Dinta basins

The dowmes, uplifts, and upwarps arve asymmetrioal,
and the steeper lmb is on the esst or northeast zide.
Most domses are well defined and are bonnded in places
by manoclines, The basing ave not well defined, and their
fanks merge gradually into the surrounding strunbures,
The ralief of the domes and between the domes and
basine differs considorably, The relief hotween Riack
Mesa basin and the Deflance and Kalbub domes is 5,000
sud 6,000 foet, vespectively, but that betwsen the Dhefi-
ance dome and San Juan basin is about 19,000 feet.

The larger folds control the movement of water tn the
sedimentary rocks and divide the Navajo eonntry into
five general areas, which contaln separate hydrologic
systems. These areas are termed hydrologic busins nnd
are named for the stractural basin in the lowest part of
each. Therefore, the Navajo country ocoupiss parts of
the Black Mees, San Jusn, Blanding, Henry, and
Kaiparowits hydrologie basins {fg 83,

AL EAH Dt

Alg
SMALIER FOLDS

Semaller  folds—anticlines, synclines, and mono-
elineg—are oummon exeept along the margin of the
Mogollon Slope near the Little Colovads Biver. The
more prominent monoclines comyonly form the bound-
aries of nwplifts, platforms, and benches. The anticlines
and gynclines sre bmposed upon and extend noross all
the larger folds,

Monoctinal flesures inderrupt other folds and, there-
fore, are the most conspionous structural feature of the
Colorvads Plateans, Dps along monoelines are usually
less than 15°, but lowslly they are more, and in a few
places the beds are overturned slightly. The Fast Kai-
bab, Fast Defiance, and some of the other monaclines
have & sinuous trace for mors than and many
bifureats into several parts or segments, The displace-
ment along monoclines generally ranges from 400 o
L3OO feet, and, in places, faults are associated with the
folds,

The anticlines and synolines generally trend north-
wost to north and are usually ineonspicuous becsuse
they seldom have dips steeper than 3% In the western
purt of the resprvations some of these folds are more
than 100 wmiles long; the longest, Preston Mesa-Mouwnt
Beautiful anticline, can be traced for 150 miles in the
Euiparowite and Dlack Mesa basins., {ph 1}, Small
dames snd saddles form hoegularities slong the crests
of the anticlines, The most prominent of thess features
i Nokal dome, which has been breached by the San
Juan River,

Monoclines ssert a strong inflnence on the movement
and oscurrence of water in the sedimentary rocks, Fig-
ure 8 illustrates typieal examyples of the relation of
maneaiines to gronnd water in the Navajo countey.
These relations are: (1) Waler-table conditions muy

pravail on the upth and downthrown stdes of the
monceline {(Hg, B4} (2) the uptheown side is above

&5y

the water table and the agquifer s dey (Hg. 88} (8) a
ehange from water-table to artesian conditions takes
place along a moneeline (fig. 84, O ; and {4} artesian
conditions may prevail on both sides of 5 monocline
{fig. 34}, In agquifers, prineipally along the Fast and
West Dlefiance monoclines, whers conditions changs
from water table to artesian, recharge may be rejected
by the sgifer {fig. 807,

Antichnes and synelines do not affect the veenrrence of
ground water s much ag the monoolines, Wells can be
drilled along the crests and flanks of antielines if the
stractursl rebief does not exesed the saturated thickness
of the water-yielding uril or if avteston conditions pre-
vail across the anticline, In places, however, the formma-
biong may be dry on the erests of some anticlines.
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EXFPLANATION

Styata nt bearing water Raturstad part of steatigrantic unit

Part of siratigyaniic unll wbave selurated 2one

Frovre So-Doeeurrence of groond water slong monockines

FAYLES

Faults are uncoiumon pxy
Drefiance Platean

ct in a small area on the
tern part of the reser-
vagions {pl 1}, Joints, however, zre prevalent, and they
have inoreased the permeability of some of the rocks. In
most places, fanlts have displacements of 50-150 feet,
but sbrats ave offsst more than 500 feet by the faull at
Hunters Point and the one bebween Preston Mesa snd
White Point {ph 1}, Most arve verticeal novmal fanls,
trend between east and nerth, and intersect axes of the
folds at acute angles.

Faults in the western and northwestern pavts of the
Navajoe eountry are in a poorly defined balt 2640 miles
wide {pl 1: fig. 6). The belt extends novtheastward from
the Ban Franciseo and Ceconing Plateaus and merges
with the structures of the Paradox fandt and fold belp
in the novthern part of the Monument upwarp (M. Bl

Unoley, written commun. . Few faults ars related fo the
arching of the laceolithie Navajo Mountain, bul many
nvar Cameron amd an the San Franciseo Platean are
relatod o the emplacement of the voleanie rocks,

Faults in the Navajp country ave too isolated and
dlaplecoments sre too small to exert much contyol op
ground water. A few springs and seeps discharge along
some of the fanltz on the Defiance Platesu and neny the
Colorado and San Juan Rivers, One small graben in
the southern pert of the Deflance Platesu {pl 1) traps
ground water: it has been developed to sapply water for

at Pine Springs

£
the community

PHYBIGRRAPHY

The Navaio country has been subjected to vigorous

it

ds of downeoiting alter
aition. As a

sycles, which consist of pe
Aith pericds of planation and dep
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x‘eqzzii‘ parns have carved » oo

X

plox muze of platesus,
botower above extensive

rock Ewswimw aaud mesgs, which
plains and canyons,
”%‘Eze {ndorad

o Plateaus provinee s sepsrated inio
et basis of the distribution
; , plaing, The whaole
pzcmf?nse has similar rocks and peulugic stracibural
eatures wrul containg one master strems, the Colurado
i\.m-m Fach phys e saction, therefore, relutes
i the distance § rver and to the by pes of stream
patterns developed. Thus, the area adjzcent to the
¢ ‘«n}{};fa.t‘ia;} River and e muain tributaries is ernded into
nyon fands, In o ;}m‘s‘r?v &eﬁn@{i ’;véi? ‘%l’ﬂunif tlw
yon lands, rock be
oliffs and broad platforms, i
platforms, platenss and pl
mnant landforms,
Fenneman {1831, p 275888 divided the {olorado
Platesns provines into the Grand C fanyon seetion, High
Platenus of Tltah, rock “terraces” of scuthern Ttah,
Uinta Basin seetion, Canyon Lands of Utah, Navain
%wii«;rn, and Datid section {pl 8. The Navaio country
is in an intermediste physiographic ares hetween the
canyons of the Colorsdo and San Juan Rivers and the
plains and losy mes gi’ the Datil section, The terms
“Navajo f:-m:ﬁiz‘i."y" 217y and “Favaio sec
tion” {Fgr angd refer to
the Navajo and e f’gaz im;mn Hesprvations and ¢ narrow
steip of land between the southern boundary of the
s and the Ei;iis"}z* (‘-?3’%01‘*‘&&0 Q?‘,é E"‘u&z‘*a Ruww

wzsé the %\e i of (’Elﬁm mgi
1 of srogion arve the dom-

s with the namm} pé.s}bmgz a.‘g;?f;iu mbdn isons
Colorado Plateans provinee, but i comprises
eombinations of landforras that are conuaen o the sur.

vonnding subdivisione, Thes, # Includes, in part, the
tion along the western hfﬁ‘m&g the

Canyon Lands of Tk slong the northern border, and
the Datil seetion along the southeastern horder.

RELATION OF THE LANDFGRMY TO THE SERIMENTARY ROCKS

The landforms of the Navalo sountry are charaoter-
ized and affected by the alternating vesistunt and wenk
rwi{ st ;m” Resistant beds form ledges, <liffs, mesas,
s that are separsted by slopes, vallays,
and badlands carved in the weak shaly beds. The main

eliff-forming strata ars the Covonino, De (helly,
"%’i ngate, and Nauvajo Sandstones, the Kaibsh Lime-

bes am% ihw m;sfiﬂwizom nnits of the Upper Cretaceous
g and many syiensive slopes
..g-:wpais\- in the Mancos Shale and the
2, % ’miéami Hirtland, and Bidahoshi Formations

FThree types of sanyons sre conunon—the vertical

SN

A2l

walled, box, and v-shaped, T a canyon has been evoded
entively in vesistant rocks, nsardy vertical walls are
typical; canvons of thig tvg\e are formed in the ?\&YS}O
and De Chelly Sandstonss. I a sanyon is rimmed in a
fant hed having w gantls dip and the £ATIFOR floor
is et in soft sediments, s box or modified box s carved
the box iz the ’e)iz\mmb canyon type of t?:m Mavsin
eountry {Gregory, 1917, p. 188), If o canyon is cut
inte moderately regzst-wt rocks, o V-shape with steeply
inelined walls will form: the canvon of the San Jusn
River out in the Paleszoic vocks near Mexican Hat s
a good exampls,

stripped surfaces {(stripped or stroctursd plains)
occur o resistant rooks that are exposed areslly on
plateans, messs, rock benehes, and dip slopes of f’%i}ghd(ikb
snd vusstas {pl. &), These surfaces sre vroded most com-
manly on ‘mp of the e, D Chelly Mard-
' i warvanp Member of the
hinle F’nrm»aimn Mazw stripped aurfaces “oomtour”
the folds of various structural features, such as the
Drefinnee Platean, the Kast Katbab monceline, and the
{regan Boek antichine,

BELATION OF THE LANDEDRMS T1 SEQLOGIC STRUCTURE

“{“Ew types, shapes, and geographio g‘smitian@ af the
co Inndforms are conteolled by the uplifis and
3:};1-:«:3;1’5., which influence the regional &iizm(}@ af the rocks.
Helatively gentle steipped plsteanlike features are on
the sununits of the Defiance and K@zibﬁgﬁ(; aplifts and
parts of the Monmument npwarp {pl 8}, Alony mono-
climes, comuman on the Hanks of nplifts, hoghacks are
formed and are inclined toward the basins. In the

ipe are gentle, cusstas snl rock benches
i Bgz*ag;?m} forms. Tn many srens the

Wide valleys veeupy au intermediate stroctural posi-
tion bebween the uplifts and the centers of the basing
Thug, the valley of Chinle Wash was carved belnesen
the Defiance Platean and Hlack Mesa, snd the Chaco
River valley is bebween the Defiance Platesn and Zund
Mountains and the center of the San Jusn basin {pl 3},
In the same way the Little Uolorade River valley s be-
tween Hlack Mesa and the highlands formaed Irsy the
{Coconine Platenu, San Francizes Platesn, and the

Mogollon Slope.

BYBROSEDLOGCIC MUBDIVISIONG OF THE RAVAIG COUNTRY

The close relation between geology and ground-waler
hydrelogy makes i possible to divide the Navain eoun-
fry into avess that oontaln similar geologic or physie-
graphic and hydeclogic characteristios. These hydre-
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A2 HYBROUEILOGY, NAVAJO

geologio subdivisiony ave based, in order of importancs
of oriteria, on the distribution of the ontcropping sedi-
mentary f’{)t’.’-}.{&ag the large folds, sand the drainage patterns
@f the Colorado Biver and its principal iributaries.

“his el wion of geclogy and occurrencs of
gr(::nn& witer i ilnstrated on maps showing the dis
tribution of srtesinn and water-table areas {fig. ¥},
depths of water levels in wells {fg. 10), and depths of
wells {fig. 11}, Water-tahle conditions prevail in the
rocks that erop out in the wplands—principally the
Navaje Uplands, Deflance Plateay, Chusks Monntaing,
arid Black Mesp—althongh the aguifors that ave deeply
buried in Dlack Mesa are strongly artesian, Artesiasn
caonditions ave best developed In the broad valleys of the
Lattle Coloreado River, Chinle Wash, Chase River, and
Han Juan Hiver, which sre generally on the flanks of the
basing, although flowing wells are mainly in parts of the
Han ?\;,m mg% Hlanding basing In the same way, sreas
having similar depths to water and depths of wells
3(;1;»*?;?%; outline the physiographic and strustural fea-
bures of the Navajo country,

]

Fegvae B-Generslized ay

AND IIGPE INDIANW EEBERVATIONS

The Navsjo country includes the following hydro-
genlogic subdivisions: enstern Grand Canyon, Painted
Desert, Navain Uplsnds, Black Mesa, Monument Val-
ley, Chinle Valley, Defiance Plateaw, Chuska Moun-
tains, Carrize Mountains, western San Juan hasin, and
Zunt Mountains (pl 8},

WARTERN GRAND CANYON

The esstern Grand Canyon subdivision is along the
Colorado River in the western part of the Mavajo coun
try {pl 8} The Bast Eaibab moenscline is the dominat-
roctural featurs, and branches of this monocline
bownd parts of the Kaibab and Coconine Plateans,
Marble Platform, and other broad rock benches, Al
whforms are outhined by a widespread stripped
surface cut on fop of the Baibab Limestone. Marble
Canyon of the Colorade River and the canyon of the
Lattle Colorade Hiver separste Marble Platform from
the other parts of the subdivision; these canyons at their
eonfluence have » depth of 3,200 fest,

EXAPLANATION

Watsr table ases

fan and watsr-takle aress of the eongedbbated squifers
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AZ3

MATION

waler igvels
surfacs,

EARLA
Denth of
et

G

Blewr o abts v facs

Mo than 1000

Bonndary of hpdmgeoslogic
suhdtvision

el 3G 46 B MILES
H H i

Frounn H—Gormaalingd depth of water Lovels in wells I the consdiduted sguifers,

The deep canmyons and fractures, caused by mono-
clinal folding snd faulting, conirel fhe oreurrence of
the ground water in wrand Oanyon sube
diviston, Az & vesulf, the ane, the prin-
eipal :;g.s:;;ué.fe? 1 dry in much of ‘mp ‘«tii)x.

PAINTEG RAREY

The Puinted Dosers subdi véwiﬂu %«' in ’f"“{’ Esz‘md

by brilllant-hued badlands
Chinle, Moen wve, and Kay
Cnlorsde Hiver dradns the sabdivigion
narthern part of Eehe Cliffs, In the e
subulivision, Pueble Colorade Wash, P
other stresms ocoupy allvvisted villeys between binds
somposed of the Bidahoehi Formation. Between these
streams, the Bidahoohi has besn sroded into broad, roll-

< T?w i)m. ¢
a;xc@;:;‘i; along the
tern part of the
ugyrea Hiver, and

hily dissecied tablelands, This rather subdued
topography contrasis sharply with the angular cuestas
and rock terraess i the western part of the 311%&*%’%%%{;{10
There the Littls Colorado River fows on o wide alluvial
food plain between dip slopes out on the Kaibab Lime-
stone and the Mosnbopt Formation on the southwest
and o sharp suestn svoded from the Owl Rock Menber
of the Chinle Formation o the neethesst (pl 31 In the
canter of the ?z—ii'ﬂt‘e& Thas subdivision, » hetsro-
senpons array of voleanic buites, necks, lava fows, and
datremes comprising the Topi Bubtes towers above the
badland  zlopes carved from the brightly celored
2 pocks,

The Fainted D

ing, shig

ri osubdivishm i Jain prin-
cipally by Trisssio rocks that do not v;vid cater to wells,
angd grownd-water suppliss \wuesxg.}g ave insufficient or
of ponr chemical qual or stonk and domestic use,

Loeally, some water I obtained from the alluvinm along

the larger washes, from taff beds In the velonnie rmk»

of the Hopi Buttes, from sandstone beds of the Uh
Formation, and from the Wingate and Deketa Band-
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P ATIOM
Dapdhy of i

Hrands

Fuoras IL~Generatined range of well Jopths by arsa o all aguifers, s of 1504,

stonss, The Ceconine Mansistone i near the g
i tappad by wells south of the Little Colorado }
Soms waber is obfained from Lw Bre Chelly x,%iﬂ(;“’éf{}fi}(%
ong the western margin of the Ik }”“m Ry
Neorth of the 3.. tle {?a}mmin };x var st
Banee Platean, however, the Cocon
bruried deeply, and Ha w sty generally
iznd,

RAVAL} TPLANGE

The Navajo
andd steipped
the Mavaje ;‘M 1(3“%:)13( §'><fi'*>;f<
bases of wesas, 18 i the
“«hbd“'iw!(}ih GRET DY iy parts af E\E ‘Wz wn, Kalpar-
5, and Blanding 1 and the divides betwesn
bansing, In r?m western part the duneonvered

Iy §\\, 5’;#»}(«3; 3;;(% W Ezi

basin 15,

os abiosve the Hoor of Raine
1w and dominates the surrounding canyoen
. ph st <sf the w{ii»&‘*'zwﬁs}n ta drained

s o Jowiand bounded by
1, Llomb E?ii&;:z’ﬁ-g el thv vz Mountains
£ the eastern part s much Eew« i ;';d mMors
gif ié;o W : v o few

canyons, Nevajo Mountain rix

how Pl

The relinf

aniform than thy

The X

the chinf &qmws\ and it s
zed exton

1 . The <§v
pendable and 1 Laiz ?*, waler §

the subsurface contrast with the windsw ﬁp@ z{{m&x‘ﬁz}:&
surface. Water in the Navajo vsuslly s unconfined be
eause the great thickness snd widesprand sxposures
grinimize mos off of the geolagio struchore, Nafural
disoharge of grouwnd water from the reservolr madntains
perennial reaches of streams in the canyons near the
River and aleng Chinde and Moenkopl

ia;’xm REN whies

{iodornadn
Washes,
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REGIONAL HYDROGEOLOGY

BLACK MESA

Black Mesa is a large moderately dissected highland
that occupies the structural center of Black Mesa basin,
It is delimited by high outfacing sandstone cliffs of the
Toreva Formation and the Yale Point Sandstone—ex-
cept in the southeastern part, where the Bidahochi For-
mation overlies the Cretaceous rocks (pls. 1, 3). The
southern part of Black Mesa, in the Hopi country, has
been dissected by Dennebito, Oraibi, and Polacea
Washes into box canyons and gently dipping rock plat-
forms—called First, Second, and Third Mesas. The
summit of Black Mesa slopes gently to the southwest,
and this slope partly conceals the regional attitudes of
the rocks by truncating indiscriminately tilted rocks
along small folds. The Wepo Formation crops out in
most of the summit area, and it has been eroded into
a series of parallel ridges and narrow valleys by the
principal washes.

Most. of the ground-water supplies developed in
Black Mesa are from the Toreva and Wepo Formations,
The depth of erosion along Polacea and the other prin-
cipal washes controls ground-water movement and the
total supply of water that can be obtained from these
formations. The aquifers below the Toreva are not
affected by the topography of Black Mesa, however, and
ground-water movement in them is nnrestricted. The
water in these aquifers is under high artesian pressure.
A few wells in the southern part of Black Mesa tap
these aquifers—the aquifers in the Dakota, Cow
Springs, and Navajo Sandstones. Other water supplies
are obtained locally from the alluvium near Polacca and
from landslide debris along the sides of mesas in the
Hopi country.

MORNUMENT VALLEY

The Monument Valley subdivision is bounded on the
east by the serrated Comb Ridge and on the west by the
palisadelike cliffs bordering the western Navajo Up-
lands (pls. 1, 3). The San Juan River and tributary
streams have carved the sandstone units (Navajo Sand-
stone, Wingate Sandstone, Shinarump Member of the
Chinle Formation, and De Chelly and Cedar Mesa
Sandstone Members of the Cutler Formation) into ac-
centuated steep-cliffed buttes and small mesas.

The area generally referred to as Monument Valley
is in the southeastern part of the subdivision (pl. 8).
The area has been formed on the gentle curvature of
a broad anticline, and when viewed from Hoskinnini
Mesa to the west, it is a panorama of monumentlike but-
tes projecting sharply above intermittent dune-covered
plains. The buttes consist of a resistant Shinarump cap
rock overlying steep irregular slopes of the Moenkopi
Formation and vertical cliffs of the De Chelly Sand-
stone Member of the Cutler Formation.

A25

The San Juan River is entrenched in a deep canyon
downstream from Comb Ridge. Tt has cut into sedi-
mentary rocks steeply tilted by the Comb monocline
and other folds near Mexican Hat and into nearly flat-
lying strata in the reach downstream from Monitor
Butte (p] 3}. The c<pectfu3ulfu feature of San Juan

‘anyon is the “goosenecks,” a series of tightly curved
mesanders, which have been mcmed 1,500 feet into the
Rico and Hermosa Formations. Downstream from
Monitor Butte, the San Juan River and its tributary
streams have superbly carved the Segi Mesas country
(Gregory, 1916, p. 47-48), which mcludes Piute, No
Mans, and Skeleton Mesas., These mesas are as much as
2,000 feet above the floors of the subjacent canyons and
are rimmed by cliffs formed from formations of the
Glen Canyon Group.

The Monument Valley subdivision is one of the driest
and least favorable areas for ground- ‘water supplies in
the Navajo country because of the relative imper-
meability of the sedimentary rocks and because extreme
dissection has drained some of the former water-yield-
ing units. Ground water is obtained locally from wells
in the Cedar Mesa Sandstone Member of the Cutler
Formation and in the alluvium. In the Segi Mesas area
a white alkali band along the base of the Wingate Sand-
stone indicates intermittent seepage, and numerous
small springs issue from joints and faults along the
edges of the mesas.

CHINLE VALLEY

The Chinle Valley subdivision, underlain by easily
eroded Triassic sediments, is similar to the Painted
Desert subdivision. It is a lowland between the scarred
sandstone slopes on the Defiance Platean and the im-
posing eastern escarpment of Black Mesa (pls. 1, 3).
Subparallel cuestas of the Wingate Sandstone and the
Owl Rock Member of the Chmle Formation and strike
valleys cut in less resistant strata form low irregulari-
ties. Chinle Wash and its tributaries drain the Chinle
Valley and flow on flood-plain deposits, which are more
than 200 feet thick locally. Beautiful Valley, displaying
varicolored badlands carved from the Chinle Forma-
tion, and Snake Flats, a platform of gentle slopes under-
lain by bedrock and alluvium, occupy the southern part
of the subdivision (pl. 8). The northern part of Chinle
Valley has considerable relief and confains several
conspicuous buttes.

Water is at shallow depth in the alluvium along
Chinle Wash and at considerable depth in the De Chelly
Sandstone and Shinarump Member of the Chinle
Formation in the C multiple-aquifer system. The
regional dip is generally westward and northwestward,
and the top of the De Chelly Sandstone is more than
1,000 feet below the land surface in the western and
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northern parts of the subdivision. The water in deep
wells that penetrate the unit is under strong artesian
pressure, and & few wells flow in a small crescent-shaped
are near Round Rock Trading Post (fig. 9).

DEFIANCE PLATEAU

The Defiance Plateau subdivision, a large oval up-
land, is outlined by dip slopes, hogbacks, and cuestas of
the De Chelly Sandstone and sandstone beds in the
Chinle Formation (pl. 8). Several isolated volcanic
necks—the most prominent being Fluted Rock, the
highest point in the subdivision—and the large diatreme
in Buell Park interrupt the gentle curvature of the
plateau summit. Contrasting with other parts of the
reservations, the summit area is covered largely by a
thin soil that aids ground-water recharge.

Tributaries to the Puerco River and Chinle Wash
have carved several deep canyons; the most spectacular
of these are Canyon de Chelly and the canyon of Black
Creek (pl. 8). Canyon de Chelly is a straight-walled
gorge about 1,000 feet deep cut almost entirely from the
De Chelly Sandstone. Within the gorge are blocky step-
like benches, monolithic spires, sharp narrow alcoves
weathered along fractures, and rounded knobs formed
in part by erosion along crossbedding planes, Black
Creek crosses the Defiance Plateau in a narrow V-
shaped canyon 600 feet deep a short distance upstream
from its confluence with the Puerco River.

The De Chelly Sandstone is the principal water-bear-
ing unit in the subdivision, and highest yields are ob-
tained where it is combined hydraulically with the
Shinarump Member of the Chinle Formation. In the
Bonito Canyon-Buell Park area (pl. 3), large springs
issue from the base of the De Chelly and from joints in
the Supai Formation. Owing to the high topographic
position of the subdivision, the water table is as deep as
700 feet (fig. 10), but, except for a few areas partly
drained by canyons, it is continuous throughout the
subdivision,

OHUSKA MOUNTAINS

The Chuska Mountains consist of a long narrow
mesa formed of the thick horizontally bedded Chuska
Sandstone, which rests unconformably on folded rocks
of the East Defiance monocline (pls. 1,3). The Lukachu-
kai Mountains is the name usually applied to the part
of the Chuska Mountains subdivision lying between
Lukachukai and Cove. The summit area of the moun-
tains is at an altitude of 9,000 feet and displays a to-
pography of rolling timbered hills and grassy meadows
dotted by numerous small clear lakes, The western and
northern escarpments of the Chuska Mountains consist
of steep slopes of Chuska Sandstone terminating along
vertical-walled cliffs carved from the resistant beds of
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the Summerville Formation and the Entrada and Win-
gate Sandstones, The eastern escarpment is a series of
giant “scallops” resulting from slumps and landslides
caused by slippage along the east-dipping bedding
planes of the underlying shaly rocks of Late Cretaceous
age. The Sonsela Buttes, remnants of Chuska Sandstone
capped by basalt, were isolated from the main western
Chuska escarpment by erosion,

Todilto Park and Red Rock Valley are part of the
subdivision. Todilto Park is a small grass-carpeted val-
ley containing perennial streams and lying between
columned cliffs of the Entrada Sandstone and Sum-
merville Formation along the western escarpment of
the Chuska Mountains. In contrast, Red Rock Valley
is an irregular nearly barren lowland formed on red
beds of Triassic and Jurassic age between the Chuska
and Carrizo Mountains.

The Chuska Mountains subdivision is the best watered
subdivision in the Navajo country. Considerable spring
discharge from the base of the Chuska Sandstone main-
tains the perennial reaches of many creeks that drain
the area, and only a few deep wells have been drilled
to supplement these water supplies.

CARRIZO MOUNTAINS

The Carrizo Mountains project above lowlands of the
western San Juan basin and the lower part of Chinle
Wash (pl. 3). They consist of a dioritic central mass and
projecting laccolithic sills, which were intruded into
the surrounding sedimentary rocks. All these rocks have
been eroded irregularly into narrow ridges, sharp V-
shaped canyons, hogbacks, and buttressed and recessed
oliffs. A narrow skeletonlike ridge formed from Trias-
sic and Jurassic rocks connects the Carrrize Mountains
with the Chuska (Lukachukai) Mountains. Wells have
not been drilled in the mountains because numerous
springs furnish dependable supplies of water.

WESTERN BAN JUAN BABIN

The western San Juan basin subdivision is underlain
predominantly by Upper Cretaceous strata, which dip
east and north from the Defiance Plateau and Zuni
Mountains. In general, the western San Juan basin is
characterized by expanses of open country bounded by
narrow hogback and cuesta ridges. Smaller areas in the
subdivision that contain similar features are the Gallup
sag, Mesa de los Lobos, Aneth area, and the lowlands
drained chiefly by the Chaco River.

The Gallup sag is a broad area of low ridges and allu-
viated valleys between the Defiance Plateau and the
Zuni Mountains. Mesa de los Lobos is a dissected upland
displaying strike valleys and hogback ridges to the
northeast of the Zuni Mountains. The areas of the Gal-
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lup sag and Mesa de los Lobos form giant steps at alti-
tudes of 6,500 and 7,500 feet, respectively.

Aneth, in the northwestern part of the subdivision
{pl. 3), is in an area containing low mesas, narrow allu-
viated valleys, and box canyons. The canyons are well-
defined features north of the San Juan River and are
rimmed by the Dakota Sandstone. White Mesa, capped
also by the Dakota Sandstone, is the only conspicuous
landmark south of the San Juan River.

The remainder of the subdivision is drained by the
Chaco River and consists of four physiographic areas
informally called the “Chuska Valley,” the “Chaco
Plateau,” the “Mount Cisco Mesa,” and the “erosional
plains” near Shiprock (pl. 3). The Chuska Valley,
named by Gregory (1916, p. 24-26), is a gently sloping
area between the Chuska Mountains and the Chaco
River. It consists of alluvial plains, dissected terraces,
and rock-cut slopes interrupted at intervals by low cues-
tas. The Chaco Plateau is south of the Chaco River,
and, in comparison with the Chuska Mountains and
Mesa de los Lobos, its relief seems to be subdued and its
profile nearly unbroken. Near Stoney Buttes, however,
its topography is rugged and comprises & series of
rocky ridges eroded from the Pictured Cliffs and Cliff
House Sandstones, which coalesce here to form a thick
sequence of resistant beds. Mount Cisco Mesa, between
the San Juan and Chaco Rivers, is a broad gently west-
ward-sloping highland whose summit and slopes trun-
cate rocks of Late Cretaceous and Paleocene ages. The
erosional plains near Shiprock, N. Mex., are cut on
the Mancos Shale and are bordered by high rock benches
and hogbacks carved from sandstone units of the Mesa-
verde Group. Shiprock Peak and other voleanic spires
tower above the general level of the plains.

Water in the sedimentary rocks of the subdivision is
under artesian conditions nearly everywhere, and deep-
ly buried aquifers are tapped by many flowing wells,
Nearly all the Cretaceous sandstone units yield some
water, and a few wells tap the underlying Morrison
Formation of Jurassic age. The chemical quality of the
ground water differs greatly—the dissolved-solids con-
tent increases from southwest to northeast across the
subdivision. The ground water may contain more than
10,000 ppm of dissolved solids in the Mount Cisco Mesa
area.

ZUNI MOUNTAINS

The Zuni Mountains border the southeastern part of
the Navajo country and result from structural move-
ments which uparched the strata that now form concen-
tric bands around the core of pink granite exposed in
the center of the mountains. The northeast flank of the
mountains is characterized by strike valleys and cues-
tas eroded from beds of Permian to Jurassic age. The

312-143 0 -66 -5

A27

largest valley, formed on the Chinle Formation and tra-
versed by U.S. Highway 66, extends from Fort Wingate
to beyond Thoreau. Artesian wells in this valley tap
sandstone beds in the Chinle Formation, the Glorieta
Sandstone, and the San Andres Limestone.

REGIONAL HYDROGEOLOGY

The climate, drainage, and ground water in the
Navajo country are controlled, in part, by the regional
geologic setting of the Colorado Plateaus provinee
and more specifically by the landforms and structural
features within the Navajo country. The high border
region of the Colorado Plateaus and the adjoining
mountains influence the climate in the interior of the
Colorado Plateaus and, thus, the quantity of precipita-
tion available to the underground reservoir, to Tunoff,
and to the vegetation.

CLIMATE

The Navajo country is characterized by a wide range
of climate—from semiarid below 4,500 feet to relatively
humid above 7,500 feet. In general, the differences in
climate are controlled by orographic barriers surround-
ing the Colorado Plateaus at altitudes of more than
7,000 feet and by the local relief in the Navajo country
and nearby parts of the Colorado Plateaus. Because
the main moisture-bearing air masses are from the
south and southeast, especially during the summer, most
of the Navajo country is within a giant rain shadow
on the leeward (mortheast) side of the southern rim
of the Colorado Plateaus and the nearby mountains in
New Mexico and Arizona. To a lesser extent, the
Navajo country is influenced orographically by high-
lands around other parts of the Colorado Plateaus,
which interrupt and deflect the movement of other
moisture-bearing air masses.

PRECIPITATION

The mean annual precipitation on the reservations
ranges from less than 6 inches in the canyon lands near
the Colorado River to more than 20 inches on the Chu-
ska, Carrizo, and Zuni Mountains. Overall precipitation
averages 8-12 inches annually. In some years parts of
the low-altitude areas receive less than 3 inches.
Pertinent climatic data are summarized in table 4.

Precipitation has a strong and fairly uniform rela-
tion to altitude and orographic effects. Thus, the Navajo
country and the adjoining regions of the Colorado Pla-
teaus can be separated into three broad climatic divi-
sions. These are designated informally as divisions A, B,
and C (pl. 4). The reservations are wholly in divisions
A and B, which receive less mean annual precipitation
per unit of altitude than the surrounding division C.
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TaBLp 4.—Climatic data for stations in the Navaje and Hopi
Indian Reservations and adjoining regions

{U.8. Weather Bureau, 1911-57; Sellers, 1960a}

ean  Mean  Mean
Length of Altitude an.nual annual  annual

Station racord {feet) precipl- snowfall tempers-
{years) tation  (inches) ture
(inches) °F)
Arizona
Betatakin_ . ... 183953 7, 200 1L72 518 48.8
Chinle. ..o 1800-87 6, 090 9.18 1L0 51.8
Qanado. ... .o 1629-58 8, 350 11. 48 28.9 48,7
Qrand Canyon ...... 1604~57 6,965 15.81 61.6 48.7
Holbrook.. - 1893-1957 5, 068 8. 64 9.9 54.8
198153 §, 700 9.38 38.5 518
5,675 8.36 17.3 53.0
3,141 5.95 31 62.2
4, 700 8.37 54 54.0
6, 400 12,70 e
5, 460 9.00 9.9 5.6
4,936 8.72 8¢ 85.0
8,750 12.61 30.6 47.8
4,880 8. 06 10. 5 85.0
4,908 7.76 5.9 57.3
New Mexieo
Chago Canyon National
Monument__.......... 6,125 8,53 18.4 8.7
Crownpoeint.. ... __ - 6,978 10,24 28.1 5.2
Farmington CAA Afrport. .. ... 5, 484 7.96 ... .. 518
Fort Wingate. ... ... 7,000 12, 41 320 40.7
Shiprock 1 B . ... ... 4,974 7.85 9.1 53.3
Tohatehi. oo 8, 800 10,22 22. 4 52,0
Utah
........................... 1911-587 § 4,315 7.49 9.9 55. 5
Mexican Hab . e eeaan 1931~52 4280 e 57. 6
Colorado
(8102 7.7 T 1081-57 ¢ 6,177 18.27 39.0 48.8
Mess Verde National Park. ___. %g‘g:ég, 6, 980 18,42 ... 50.6

t Snowfall and temperature 1014-28, 1934-53.
2 Snowfall 193,

# Bnowfall 191&52 temperature 1931-62,

¢ Snowfall 1928—52 temperature 1928-54,

5 §nowfall 1911~52.

§ Snowfall 1831-52,

Division A is leeward of the main orographic barriers,
where rain-shadow effects are most pronounced. Divi-
sion C is along the crest of the barriers, where mean an-
nual precipitation varies widely. Division B is interme-
diate between the two.

The mean annual precipitation measured at the
weather stations in either climatic division A or B was
plotted against the altitude of the station, and the data
fall into a distinet group (fig. 12). By using the rela-
tion between the precipitation and altitude in each divi-
sion as shown by the scatter diagram (fig. 12}, an iso-
hyetal map of the mean annual precipitation (pl. 4) was
prepared. Other ischyetal maps, showing the average
October to April, average May to September, and aver-
age annual precipitation, were prepared by Hiatt (1953,
figs. 11.7, 11.9, and 11.10; University of Arizona, 1965a,
1965b) utilizing graphical and mathematical relations
between precipitation and the effects of topography and
altitude. On all these maps, distribution and amount of
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precipitation apparently are influenced by Black Mesa,
Defiance Plateau, Chuska Mountains, and the open val-
leys of the Little Colorado and Chaco Rivers and Chinle
Wash. Precipitation may change abruptly along the
boundaries of the highlands, as indicated by a compari-
son of records at Lukachukai and Kayenta and indi-
rectly by changes in vegetation ; buttes, small mesas, and
narrow canyons—although they have 500-1,000 feet of
relief—affect the precipitation pattern only slightly.

The mean annual snowfall is related to temperature
and more distantly to physiography and altitude, al-
though wind, exposure, and' other factors cause consid-
erable variation in snow accumulation. Annual snow-
fall varies widely, ranging from almost zero helow 3,500
feet to more than 100 inches above 9,000 feet. The over-
all mean annual snowfall ranges from 10 to 40 inches
(pl 4). :

The annual precipitation graph of the Navajo coun-
try usually has two prominent peaks, either for July or
August and between December and February (Hiatt,
1953, p. 186). Summer precipitation ranges from 50 to
65 percent of the annual total (McDonald, 1956, fig. 7).
In some years, greatest precipitation may occur either
in March or April or in October or November; the fact
that these peaks tend to be more pronounced at stations
in the northern part of the reservations suggests this
aresa is influenced intermittently by climatic patterns
of the western Rocky Mountains (Thornthwaite, 1948,
fig. 4). The two driest months, May and June, generally
receive less than 10 percent of the annual precipitation.

Summer precipitation is sporadic and usually occurs
during high-energy convectional and frontal-convec-
tional storms. These storms are distributed randomly in
the areas having low relief but are concentrated on and
along highlands at altitudes above 7,000 feet. The rela-
tion of altitude and precipitation is closer in the sum-
mer than it is in the winter (Hiatt, 1953, p. 197).
Storms are mostly less than 10 miles in diameter, and
each probably consists of several cells 1-3 miles in di-
ameter, where rainfall is concentrated more heavily.
Because precipitation usually is relatively intense, some
local runoff and flash flooding result. Rainfall-intensity
data have been obtained only for a few months in the
Polacca Wash area; the maximum observed rate for a
30-minute period was 1.26 inches per hour (Thorn-
thwaite and others, 1942, p. 52).

Winter precipitation results chiefly from frontal ac-
tivity and generally is distributed evenly. Intensity
generally is low and probably contributes substantially
to ground-water recharge. Statistical analyses of rain-
fall data from selected stations in Arizona and western
New Mexico indicate that precipitation varies more
from year to year in the winter than it does in the sum-
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Froure 12.—Scatter diagram of sltitude and mean annual precipitation in the Navajo and Hopi Indian Reservations and
adjoining reglons,

mer (Sellers, 1960b, p. 92). Much of the precipitation
in the spring and fall is similar to that in the winter, &
slow drizzle.

The amount of winter and spring precipitation af-
fects the spring runoff in the intermittent reaches of
streams and the amount of soil moisture available for
vegetation. In most years, this precipitation causes al-
luvial soils and dunes to be moist throughout May and
part of June, the driest months of the year. In dry
years, moisture is negligible at altitudes below 5,000
feet, even in April, and the shifting cover is moved eas-
ily by the wind. Potholes in sandstone collect seepage
along joints or bedding planes and often contain water
during late spring after moderate winter precipitation,
although many that contain water in April are dry by

June.
TEMPERATURE

Temperatures higher than 100°F are common during
the summer below 7,000 feet, and below-zero weather
can be expected in all parts of the reservations at times
but rarely below 3,500 feet. Altitude affects the length
of the growing season, but the average growing season

in most of the reservations (altitudes 4,000-7,000 ft)
usually is 125-190 days.

Mean annual temperature seems to be a function of
altitude. Temperature data for all stations in Arizona
plotted on arithmetic graph paper fall along a line that
is only slightly curved (Smith, 1956, fig. 2). The
weather stations on topographic highs, where cool air
drains from the station, have warmer temperatures per
unit of altitude than the stations in valleys (fig. 13).
For example, the mean annual temperature at Betata-
kin, on the edge of a high mesa that rims Laguna Can-
yon, is only 2° less than that at Chinle, although the dif-
ference in altitude is about 2,100 feet. An isothermal
map of the mean annual temperature (pl. 4) was com-
piled from the altitude-temperature relation shown in
figure 13, The mean annual temperature in most places
in the reservations is 48°-54°F.

PRESENT AND PAST WIND DIRECTIONS

There are few weather stations in the Colorado
Plateaus that measure wind velocity, and only two
record wind direction. Strong winds are common in the
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Fioure 18--Scatter diagram of altitude and mean annual temperature in the Navajo and Hopi Indian Reservations and
adjoining regions,

southern part of the plateaus. The prevailing winds are
southwesterly, although southeasterly and west-south-
westerly winds are common; other wind directions are
relatively uncommon. Average wind speeds for hourly
periods range from 4.8 to 153 mph (miles per hour),
but 4 maximum speed of 68 mph has been recorded at
Winslow (Sellers, 1960a, table 3a). High-velocity winds
~ causing sandstorms often stop traffic along U.S. High-
way 66 between Holbrook and Winslow and elsewhere
in many parts of the Navajo country.

The distribution and orientation of dunes and the
directions of crossbeds in other eolian deposits indicate
regional wind patterns during Quaternary and Tertiary
time. Longitudinal dunes of late Pleistocene and Recent
ages are alined to the northeast, except in the Mount
Cisco Mesa, where they are alined east-northeastward
(fig. 14). Other dunes composed of cinders derived
from eruptions of late Pleistocene age in the San Fran-
cisco volcanic field were formed on the northeast (lee-
ward) slopes of lava flows and low mesas. Barchan
dunes having their convex (windward) side to the south-
west and other modern dunes are active in several parts

of the reservations. Other older dunes overlie terrace
deposits of late Pliocene-early Pleistocene age. These
dunes, chiefly of the longitudinal type, have been eroded
considerably and are distinguishable from the younger
well-formed longitudinal dunes also in this area. Both
the older and younger longitudinal dunes trend north-
eastward. To the south of the reservations, a sandstone
unit near the base of the upper member of the Bidahochi
Formation of Pliocene age displays high-angle, large-
scale, sweeping, northward-dipping crossbeds. This unit
was considered by Akers (1964, p. 45) to have been de-
posited by wind. A similar sandstone unit at the base
of the Bidahochi Formation is exposed along Wide
Ruins Wash south of Ganado (fig. 14). The oldest
Tertiary deposit containing beds of eolian origin is the
Chuska Sandstone of Pliocene(?) age. Study of cross-
bedding in this unit indicates that the wind direction
was from the southwest (Wright, 1956, fig. 2). Thus, the
wind movement in the Navajo country in the past, at
least during times of eolian deposition, was from the
southwest and generally similar to the present wind
pattern.
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VEGETATION
By 0. N. Hicgs®

Vegetation is divided informally into three rather
broad zones—grass-shrub, pinyon-juniper, and pine
forest (pl. 4). The grass-shrub is below 5,500 feet and
consists of sparse grassland-browse types of vegetation.
The pinyon-juniper ranges in altitude from 5,500 to
7,500 feet and is dominated by woodland-browse species.
Good rangelands and much of the area under cultiva-
tion are in this zone. The pine forest is above 7,500 feet
and produces timber, range grasses, and shrubs.

GENERAL DESCRIPTION

The grass-shrub zone includes extensive badlands and
wind-scoured plains and is the poorest range in the
reservations. The climate leads to sparse cover: rainfall
is generally less than 8 inches annually and is sporadic
during the growing season, and maximum daily summer

t Agency range comservationist, Bureau of Indian Affalrs, Window
Rock, Ariz,

temperatures are more than 100°F. Potential evapo-
transpiration is therefore much greater than the total
annual precipitation. Sheet and gully erosion resulting
from rapid runoff from high-intensity storms inhibits
formation of deep soil. Erosion dissects areas under-
lain by soft shaly rocks and bares areas underlain by
hard sandstone and limestone. The formation of active
dunes, blowouts, and accompanying wind erosion
hinders the formation of soil and the growth of vegeta-
tion.

The vegetation depending only on direct precipitation
on the wind-scoured plains and mesas of the grass-shrub
zone consists of isolated stands of grass and sparse
growth of shrubs—principally greasewood (Sarcobatus
vermicoulatus) and sagebrush (Artemisia sp.). Occa-
sionally a dwarf juniper (Janéperus sp.) or pinyon
(Pinus edulis) may interrupt the barrenness of the
landscape. The best stands of grass grow in areas under-
lain by alluvial and terrace deposits laid down by Chinle
Wash and the Chaco, Little Colorado, and San Juan
Rivers and their larger tributaries. The poorest grass-
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land is in areas underlain by the Chinle and Moenkopi
Formations, the Mancos Shale, and the Menefee
Formation.

Dense thickets of brush and trees grow around springs
and seeps, in areas underlain by a shallow water table,
and along channels of ephemeral streams. The principal
trees are cottonwood (Populus sp.), tamarisk (7T amariz
sp.), willow (Saliz sp.), and hackberry (Celtis reticu-
lata). Trees are common in places along the Colorado
and San Juan Rivers and along the perennial reaches
of their tributaries. In the canyons in the northern part
of the Navajo country, seepage along the base of perme-
able strata is indicated by a band of white alkali and by
discontinuous lines of juniper, pinyon, and other shrubs.

The pinyon-juniper zone is utilized more by the In-
dians than any other zone (pl. 4). It is marked by con-
trasts of gently rolling topography, steep hillsides,
rocky ridges, and deep canyons. The vegetation is
chiefly pinyon and juniper mixed with grass and browse
types. Range areas of sagebrush are on mesa tops,
swales, and alluviated valleys; browse species—moun-
tain-mahogany (Cercocarpus sp.), bitterbrush (Pur-
shia tridentata), cliffrose (Cowanie mewicana), and
others—mantle hillsides and broad ridges. The pinyon-
juniper zone generally has good grass cover in areas
where the soil is underlain by sandstone, a moderate
cover where underlain by limestone, and a poor cover
where underlain by mudstone and siltstone.

The pine-forest zone is characterized by pine (Pinus
ponderosa) forests above 7,500 feet (pl. 4), where de-
pendable precipitation is more than 15 inches annually.
This zone includes the commercial timber stands on the
Defiance Plateau and Chuska Mountains. The common
trees besides ponderosa pine are Douglas-fir (Pseudot-
suga menziesii), Engelmann spruce (Picea engel-
manni), aspen (Populus tremuloides), and oak (Quer-
ous sp.). Some bristlecone pine (Pinus aristata) grows
on the summit of Navajo Mountain. Relatively well-
watered meadows are carpeted by bluegrass (Poa sp.),
rushes (Juncus sp.), and sedges (Carex sp.), and drier
sites on low ridges and hillsides are mantled by moun-
tain-muhly (Muhlenbergia montana). Grassy meadows
of brome (Bromus sp.) and fescue (Festuca sp.) sur-
round small lakes on the summit of the Chuska Moun-
tains and adjoin the many small streams draining the
Defiance Plateau. The sedimentary rock units do not
effect a strong control on the formation of soil in the
pine forests, and, therefore, there is little relation be-
tween the outcropping sedimentary rocks and the vege-
tation. The kind and amount of vegetation are
controlled by exposure, precipitation, slope, and the
availability of soil moisture.
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RELATION OF VEGETATION TO THE OUTCROPPING SEDIMENTARY ROCKS

The density and association of species of the vegeta-
tion are related to the outcropping sedimentary rocks
throughout the reservations. These relations are influ-
enced locally by topography, soil, and climate, espe-
cially precipitation, and are most pronounced in areas
lower than 7,500 feet.

Katbab Limestone—The Kaibab Limestone crops out
in the valley of the Little Colorado River, principally
between 5,000 and 6,500 feet; the outerop ares receives
5-10 inches of precipitation annually (pl. 4). Soil on
the Kaibab is meager and bare limestone is exposed over
large areas. Despite the lack of soil and generally low
rainfall, the Kaibab outcrop is one of the better graz-
ing areas in the Navajo country. The major grasses are
black grama (Bouteloua eriopoda), blue grama
(Bouteloua gracilis), galleta (Hilaria jomesii) alkali
sacaton (Sporobolus airoides), and three-awn (Aristida
sp.), and, characteristically, the plant association in-
cludes such browse species as shadscale (Atriplex con-
fertifolia) and chamiso (Aériplex canescens), rabbit-
brush (Chrysothamnus sp.), and yucca (Yuecca sp.)

Moenkopi Formation—The Moenkopi Formation
consists of silty sandstone and siltstone beds and is
eroded easily into bare ledgy slopes. It produces more
barren range than any other formation in the Navajo
country. In the valley of the Little Colorado River, the
poor range on the Moenkopi contrasts markedly with
the relatively good range on the adjoining Kaibab
Limestone. The Moenkopi is exposed in areas near the
Little Colorado River and in Monument Valley, where
rainfall is low and temperature is high (pl. 4). Vegeta-
tion is maintained only in small depressions and on some
gentle slopes where soil has accumulated and formed
favorable areas for retention of soil moisture derived
principally from runoff. Shadscale is the most abundant
plant, and only two others, sacaton and galleta, grow in
any quantity.

Chinle Formation.— The Chinle Formation is widely
exposed between 3,000 and 8,000 feet. The depth and
development of soil at different altitudes and on the
many members of the Chinle differ considerably from
place to place. In the Defiance Plateau area above 7,000
feet a soil usually is present on the Chinle, but thin or
no soil overlies it below 5,500 feet in the valley of the
Little Colorado River and in Monument and Chinle
Valleys. In much of these areas, the Chinle Formation
commonly is eroded into badlands, which are devoid of
vegetation. In many areas where a mantle of eolian and
alluvial material overlies the Chinle Formation the
range is good.

Several members of the Chinle Formation influence
the type of soil and the distribution of plant species.
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Good loamy soil dominated by blue grama and galleta
occurs in places on mesas and cuestas capped by the
Owl Rock Member. On much of the Defiance Plateau
shadseale and blue grama are common on loamy soil
that overlies the Shinarump and Monitor Butte Mem-
bers. Soils having high alkalinity and salinity com-
monly form on the Petrified Forest Member and contain
stands of alkali-sacaton (Sporobolus airoides).

Wingate Sandstone.— The Wingate Sandstone crops
out from about 5,500 to 6,000 feet in Chinle Valley and
the valley of the Little Colorado River (pl. 1). It is
covered extensively by fine sandy loamy soil developed
from blown-sand and alluvial deposits, which were de-
rived principally from the Wingate and other nearby
outeropping sedimentary units. Mormon tea (Ephedro
sp.), the clumps of which give these areas a distinetive
appearance, is characteristic of the soil. Grasses domi-
nate, however, and include Indian rice grass (Oryzopsis
hymenoides) , dropseeds (Sporobolus sp.), spiny-muhly
(Muhlenbergia pungens), galleta, and commonly blue
grama.

Post-Wingate Sandstone wnits of Triassic and Juras-
sic age—The vegetation growing on prominent sand-
stone units of Triassic and Jurassic age consists of sim-
ilar species associations. The sandstone units cover
much of the northern part of the reservations and in-
clude the Kayenta Formation, Navajo Sandstone, En-
trada Sandstone, Cow Springs Sandstone, and sand-
stone units of the Carmel, Summerville, and Morrison
Formations. Between 6,500 and 7,000 feet, pinyon and
juniper predominate, blue grama is the main grass, and
Mormon tea is the principal browse species. The charac-
teristic vegetation consists of Mormon tea, Indian rice
grass, dropseeds (Sporobolus sp.)—sand, mesa, and
spike—spiny-muhly, and three-awn. Locally, parts of
the area that have poor soil contain almost pure stands
of black-brush (Coleogyne ramosissima). All the sand-
stone units are overlain by considerable deposits of
windblown sand and dunes that have been stabilized by
vegetation, and only locally are extensive blowouts and
aetive dunes common.

Shaly rocks of Cretaceous age—Shaly rocks of Cre-
taceous age—chiefly the Mancos Shale, the Menefee
Formation, and the fine-grained parts of the Crevasse
Canyon and Wepo Formations—crop out widely.
Where these rocks are exposed between 4,500 and 6,500
feet and receive an annual precipitation generally less
than 10 inches, they support sparse vegetation. Large
expanses in the San Juan basin have been eroded exten-
sively and have almost no soil or vegetal cover. The best
examples on the reservations are the erosional plains
eut on the Mancos Shale near Shiprock (pl. 8). The
vegetal cover on the shaly rocks in the San Juan basin is
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poor on slopes carved from these rocks but may be good
on low ridges underlain by sandstone beds intercalated
in the shaly formations and by coarse terrace deposits
or in the swales, which are underlain largely by allu-
vium. In the swales where runoff is ponded or spread
out on the flood plain and evaporated, alkilinity becomes
severe and saltgrass (Distichlis stricta) may dominate.
In general, vegetation grows on the shaly rocks of Cre-
taceous age in the San Juan basin; it includes chamiso
(Atriplex canescens), shadscale, sacaton, galleta, Indian
rice grass, three-awn, western wheatgrass (Agropyron
smithit), and saltgrass. The vegetation on the shaly
rocks on Black Mesa includes, in addition to the above-
named species, a considerable amount of juniper, pin-
yon, sagebrush, and blue grama.

Sandstone units of Cretaceous age.—Sandstone units
of Cretaceous age include the Dakota Sandstone, Gallup
Sandstone, Toreva Formation, Point Lookout Sand-
stone, Cliff House Sandstone, Pictured Cliffs Sand-
stone, and sandstone beds in the Crevasse Canyon, Mene-
fee, and Wepo Formations (pl. 1}. These rocks have
characteristic plant associations that are different from
those growing on the shaly rocks of Cretaceous age.
Pinyon and juniper generally do not grow below 6,500
feet, but grass and browse are dense—chamiso, galleta,
blue grama, and three-awn in association with yucca,
rabbit-brush (Chrysothammus pulchellus), snake-weed
(Gutierresia Sarothrae), and side-oats grama {Boute-
loua curtipendula). Above 6,500 feet these rocks crop out
in the pinyon-juniper zone and generally form good
rangeland.

Cinders—Range country on volcanic cinders of Pleis-
tocene age in the southwestern part of the reservations
has characteristics not found on other geologic units
(pl. 1). The cinders are extremely permeable and absorb
nearly all the precipitation—much of which is utilized
by the vegetation—and runoff and erosion are negli-
gible. Growing on the cinder-covered areas are pure
stands of black grama and considerably more grass than
in other areas in the same altitude and precipitation
zone. In association with black grama are chamiso,
sacaton, galleta, rabbit-brush (Chrysothamnus sp.),
little blue-stem (Andropogon scoparius), needle and
thread (Stipasp.), and three-awn.

Surficial deposits—Surficial deposits, consisting
mainly of eolian, alluvial, and terrace deposits, mantle
extensive areas (pls. 2, 3). These deposits generally
are more permeable than the underlying sedimentary
rocks, and they hold a larger percentage of the annual
precipitation. As a result, the areas underlain by sur-
ficial deposits are relatively favorable for maintaining
growth, principally of grass and browse, and form much
of the better rangeland in areas lower than 6,000 feet
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in the valley of the Little Colorado River, in Chinle
Valley, San Juan basin, and elsswhere. Grass grows
extensively on the alluvial and eolian deposits that
cover the gentle slopes of Mount Cisco Mesa and overlie
the shaly Kirtland and Fruitland Formations, which
without this cover would sustain little vegetation (pl
8). Surficial deposits containing relatively heavy vege-
tation are also on much of the outcrops of the Chinle,
Moenave, and Carmel Formations and on the Win-
gate and Navajo Sandstones in other parts of the
reservations,
DRAINAGE PATTERNS

All runoff in the reservations is to the Colorado
River, the master stream of the Colorado Plateaus. Most
of the reservations are drained by two principal tribu-
tary streams, the San Juan and the Little Colorado
Rivers. The Colorado and San Juan Rivers are peren-
nial, but all other streams are either ephemeral or
intermittent.

ENTRENCHMENT OF THE COLORADO RIVER SYSTEM

Continuous adjustment, modification, and entrench-
ment throughout late Cenozoic time of the drainage
systems of the Colorado Plateaus resulted in the
development of the Colorado River system. Early
studies in the southern part of the Colorado Plateaus by
Dutton (1882), Davis (1901), Robinson (1907, 1910),
and Gregory (1947) led them to postulate the general
erosional development and the entrenchment of the
Colorado River system from a widespread erosion
surface formed in middle and late Tertiary time. The
period of erosion represented by this surface has been
named the “Great Denudation” by Dutton (1882) or the
“Plateau Cycle” by Davis (1901). The succeeding
period, during which the Colorado River system was
entrenched in canyons and valleys, was called the
“Canyon Cycle.” Recent geomorphic studies in the
Navajo country and surrounding parts of the Colorado
Plateaus summarized in this report (p. A36) have
substantiated generally the hypotheses presented by
these early investigators.

The erosional development stage of the Colorado
River system is subdivided into four general cycles
(table 5) : the Valencia cycle, of probable Miocene age,
named from the Valencia surface (Cooley and Akers,
1961a, p. 244); the Hopi Buttes-Zuni cycle, undif-
ferentiated, of Pliocene age, named from the Hopi But-
tes surface (Gregory, 1917, p. 121-122) and the Zuni
surface (McCann, 1938, p. 260-278) ; the Black Point
cycle, of late Pliocene and early Pleistocene age, named
from the Black Point surface (Gregory, 1917, p. 120);
and the Wupatki cycle, of middle and late Pleistocene
age, named from the Wupatki surface (Childs, 1948,
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p. 379-381). An older surface, the Tsaile surface of mid-
dle Tertiary age (Cooley, 1958, p. 147-148), underlies
the Chuska Sandstone. Crossbed and imbrication study
shows that the streams on this surface that deposited
the fluvial part of the Chuska Sandstone were not.
related to the present physiography and to the develop-
ment of the Colorado River system. The late Tertiary
and the Quaternary erosion cycles of the Navajo coun-
try are shown on plate 3.

The streams that flowed on the Valencia surface be-
gan the Colorado River system. The Valencia surface
is usually higher than 7,500 feet and predates the cut-
ting of the Grand Canyon. It is preserved below basalt
caprocks on Red Butte on the Coconino Plateau, per-
haps below some of the lava flows in the Chuska Moun-
tains, and in several places south of the reservations.
The summits on Black Mesa and the Kaiparowits
Plateau probably represent dissected segments of the
Valencia surface.

Accelerated downcutting during the early part of the
Hopi Buttes-Zuni cycle entrenched the ancestral Colo-
rado and Little Colorado River systems 1,000-1,500 feet
below the level of the Valencia surface. The amount
of downcutting was determined from the contouring
of the Hopi Buttes and Zuni surfaces near the Little
Colorado River (Cooley and Akers, 1961a, fig. 237.3)
and by reconstruction of the old valley profiles pre-
served in other parts of the Navajo country. The
ancestral Colorado River during the Hopi Buttes-Zuni
cycle flowed in an open valley south of Navajo Moun-
tain, and its confluence with the ancestral Little Colo-
rado River probably was in the western part of the
Navajo country (pl. 2). The fluvial and lacustrine
Bidahochi Formation was deposited on the Hopi Buttes
and Zuni surfaces in the ancestral valley of the Little
Colorado River.

Vigorous downcutting caused by uplift of the Colo-

rado Plateaus during late Cenozoic time ended the Hopi
Buttes-Zuni cycle, and, during the following Black

. Point and Wupatki cycles, the present Colorado River

drainage system was outlined and entrenched (pl. 3).
Excavation of the major valleys of the Navajo country
and-Glen, San Juan, and Navajo Canyons and Canyon
de Chelly probably began during the Black Point cycle
(table 5). Regional downcutting continued intermit-
tently throughout the Wupatki cycle and is recorded
by the several levels of terraces preserved along the
large streams.

The deposits capping terraces of the Wupatki cycle
along the Colorado, Little Colorado, and San Juan
Rivers and the lower reaches of their tributaries are
contemporaneous with the alluvial deposits of Pleisto-
cene age laid down in the upper reaches of streams in

ED_005149_00041890-00042



REGIONAL HYDROGEOLOGY

A35

TaBus 5.—Late Cenozoic erosional and deposilional events in the Navajo and Hopi Indian Reservations

Height of terraces above river level {foet)
Age Cyels Erosional and depositional events Approximate age of cutting
Confluence of the Little Colorado River of principal canyons
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the Navajo country and with glacial-outwash deposits
in some of the nearby mountainous areas. Terrace de-
posits along the Little Colorado River are contiguous
with alluvium referred to as the Jeddito Formation by
Hack (1942, p. 48-50), along Jeddito, Polacca, and Ora-
ibi Washes, and with the Gamerco Formation (Leopold
and Snyder, 1951, p. 6-9) in the Gallup area. Similarly,
the alluvium in the upper part of Chinle Wash and the
Chaco River drainages is a lateral equivalent of the
terrace deposits along the San Juan River.

Deposits of the three lowest terraces in the Shiprock-
Farmington ares, 30-200 feet above the San Juan River,
are continuous upstream along the Animas River to
Durango, Colo. The highest of these deposits merges
with the outwash sediments of the Durango glaciation.
The deposits of the two remaining terraces are correla-
tive with the younger outwash sediments of the Wiscon-
sin glaciation of Atwood and Mather (1932). Field
mapping and lithologic studies (Cooley, 1962a, p. 102-
113) indicate that the deposits of the three lowermost
Wupatki surfaces along the Little Colorado River

downstream from Grand Falls are lateral equivalents
of the outwash of the three glaciations on San Fran-
cisco Mountain deseribed by Sharp (1942). The rela-
tions of the terrace deposits in the Navajo country to
the outwash in the San Juan Mountains and San Fran-
cisco Mountain suggest that deposition occurred during
the glaciations when the streams were overloaded and
that the intervening periods of downcutting and for-
mation of the terraces are correlative with the drier
interglaciations.

Maximum entrenchment during the Black Point and
Wupatki cyeles in the Colorado River system occurred
in Marble and Grand Canyons—as much as 2,500 feet.
Upstream from the Grand Canyon, the depth of cutting
decreased progressively and was 1,800 feet at the con-
fluence of the Colorado and San Juan Rivers, about
1,000 feet along the Little Colorado River between
Cameron and Winslow, and generally less than 600 feet
in the upper reaches of Chinle Wash, the Chaco River,
and the south-flowing tributaries of the Little Colorade
River.
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STRUCTURAL ADJUSTMENT OF THE COLORADO RIVER SYSTEM

As the Colorado River system developed in late Cen-
ozoic time, it was generally superimposed on the folded
rocks of the Colorado Plateaus. Superposed drainage is
indicated especially by the overall east-west trend of
the San Juan River across the upturned rocks on Mon-
ument upwarp (Baker, 1936, p. 80) and by the south-
west trends of tributaries of the Little Colorado River,
which are affected only slightly by the gentle folds of
Black Mesa basin. The general superimposition of the
Colorado River system on the tilted sedimentary rocks
virtually was completed during the Valencia cycle or
before Pliocene time.

Continuous downcutting by the Colorado River and
its tributaries resulted in a general entrenchment of
the entire river system and the adjustment of the
streams to geologic structure. Most of the structural ad-
Justment took place during the late part of the Hopi
Buttes-Zuni cycle and later.

The amount of structural adjustment by streams of
the Colorado River system in the Navajo country differs
according to depth of downcutting, average annual
river discharge, and type of geologic structure. The dis-
charge, stream-order number, and a summary of the
amount of structural adjustment of streams are given
in table 6. The Colorado River, as would be expected,
is the least adjusted stream to geologic structure, as it is
only slightly affected by the larger folds. The Little
Colorado and San Juan Rivers are partly adjusted to
the larger folds and also to some of the anticlines and

TaBLe 6.—Relation of streamflow to geomorphology in the Navajo
aend Hopi Indian Reservations

{From U.S. Geological Burvey water-supply papers, issued annuslly. Stream-order
number obtained by method outlined by Horton (1932) and modified by Strahler
(1952); pl. 2 used as base drainage map]

Annual  Stream-
Stream streamflow  order Structural adjustment
(acre-foet) number

Colorado River...._ t 12, 300, 000 7 QGeneral trend slightly adjusted to basins
and uplifts; present channel slightly
deflected by few anticlines and
synelines,

San Juan River.... 22,014,000 6 Generaltrend partly adjusted to basins
and aplifts; present channel mod-
erately to slightly deflected by most
anticlines and synelines.

Little Colorado 3 147, 000 6 General trend adjusted to basins and

River. upli ts; present channel slightly de-
flected by suticlines and synclines.

South-flowing trib- 50, 006-5, 000 5,4,3 General trend strongly to slightly ad-
utaries of Little justed to basins and uplifts; present
Colorade River. channel slightly adjusted to anti-

eclines and synclines.

Tributaries of Col- 50, 000-5, 000 5,4,3 General trend strongly adjusted to bs-
orado and San sins and wuplifts; present channel
Juan Rivers. modfirxa:tely adjusted to antlclines and

synelines.

South-flowing trib- <8, 000 2,1 Btrongly to slightly adjusted to all
utarfes of Little structural features.

Colorado River.

Tributariesof Col- <8, 000 2,1 Btrongly to moderately adjusted to all
orado gnd San structursl features,
Jaan Rivers,

1 Grand Canyon, Ariz., 1923-80.
2 Bluff, Utah, 1914-60.
2 Grand Falls, Ariz., 1925-51 and 1953-59.

HYDROGEOLOGY, NAVAJO AND HOPI INDIAN EESERVATIONS

synclines, The tributary streams to these rivers are more
strongly adjusted to geologic structure in the Colorado
and San Juan drainage areas, where downcutting was
more severe, than are the streams in the area drained by
the Little Colorado River.

INTERIOR DRAINAGE

Areas drained internally total 4,200 sq mi and
consist of two general types—permanent and intermit-
tent (pl. 2}. Permanent interior drainage prevails where
no streams flow outward—about 2,200 sq mi. Intermit-
tent interior drainage prevails where through-flowing
drainage is effected only during heavy streamflow.

Permanent interior drainage is found principally in
the Navajo Uplands, on the slopes of Mount Cisco Mesa,
and along Talahogan Wash—a small stream between
Jeddito and Polacca Washes. The largest single area
of interior drainage encompasses 960 sq mi between
Tuba City and the southern part of the Kaibito Plateau.
There, the Navajo Sandstone, overlain by wind-scoured
and dune-covered plains, absorbs a considerable part
of the meager runoff of the ephemeral streams that
originate on Preston Mesa, Wildcat Peak, Mormon
Ridges, and other highlands. Conditions are similar
on Moenkopi Plateau and near Mexican Water. Another
large area of permanent interior drainage contains two
main streams, Shonto and Begashibito Washes. Shonto
Wash heads near Betatakin above 7,000 feet and emp-
ties into a small lake near the old Cow Springs Trad-
ing Post (pl. 2). Dunes drifting across the valley floor
caused the lake to form and separated the Shonto Wash
drainage from the trunk Moenkopi Wash. Gregory
(19186, p. 44) reported that reaches of this wash and
the nearby Begashibito Wash are separated by drifts
of sand.

The areas of intermittent internal drainage, about
2,000 sq mi, prevail in all parts of the Navajo country
except west of Echo Cliffs (pl. 2). Parts of drainages
are isolated by temporary alluvial-fan and dune bar-
riers. Many small ephemeral lakes, as typified by Red
Lake at Tonalea Trading Post along Moenkopi Wash
and Tolani Lake in the Oraibi Wash drainage, are
formed in depressions on the plains immediately up-
streamn from an alluvial barrier. During heavy runoff
these lakes are filled, and for a short time there is
through drainage. In years of little runoff, the depres-
sions contain playas and alluviated flats devoid of
vegetation.

STREAMFLOW RECORDS AND RUNOFF CHARACTERISTICS

Much runoff is ephemeral and intermittent and is in
response to irregular precipitation. Downstream from
large springs and in reaches where the streambed in-
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tersects the water table, streams are locally perennial.
Streamflow data are shown on plate 2.

A map by Busby (1966), which modifies a map by
Langbein and others (1949) showing relations of
runoff to precipitation, indicates that the average an-
nual runoff originating within the reservations is about
450,000 acre-ft. Much of this water, however, evapo-
rates, percolates into permeable sediments underlying
the stream channels, and is diverted for irrigation.
Streamflow, as indicated by measurements near the
mouths of Moenkopi Wash and the Puerco River, is
about 50 percent of that calculated from the runoff map
prepared by Busby; about 50 percent of the runoff,
therefore, must be lost in transmission. If these streams
are representative, the total transmission losses each
year from streams originating in the reservations are
200,000-250,000 acre-ft, and the remaining flow that
leaves the reservations and reaches the Colorado and
San Juan Rivers is less than 250,000 acre-ft per yr and
may be less than 200,000 acre-{t.

Annual streamflow from the reservations is small
when compared to the average annual discharge of 12~
310,000 acre-ft (1923-60) of the Colorade River at
Grand Canyon. Of this amount, 2,014,000 acre-ft per
yr is discharged by the San Juan River at Bluff, Utah
(1914-60) and 147,000 acre-ft per yr by the Little Colo-

rado River at Grand Falls (1925-51; 1958-59). The

flow of the Colorado, San Juan, and Little Colorado
Rivers that crosses or borders the reservations is de-
rived principally from the high border regions of the
Colorado Plateaus and is not incorporated directly into
the hydrologic systems of the reservations.

Streamflow of the Colorado and San Juan Rivers
usually peaks during May and June as the result of
snowmelt in the high mountains; monthly discharge
may be as high as 133,000 cfs (cubic feet per second)
(Lees Ferry, Ariz., June 1921) and 21,520 cfs (Bluff,
Utah, May 1941), respectively, for these streams.
Streamflow of the Little Colorado River is highest dur-
ing March and April and August and September—
about 85 percent of the normal flow for the year occurs
during these months.

Runoff of the streams tributary to the Colorado, Lit-
tle Colorado, and San Juan Rivers tends to be sporadic,
even in perennial reaches, and is controlled largely by
four factors: (1) interception, (2) transmission losses,
(3) noncontribution by internal drainages, and (4)
effect of convectional and frontal storm systems. The
unconsolidated surficial deposits intercept and absorb
much of the precipitation and the accompanying over-
land and channel flow (pl. 2). Much of the water thus
intercepted is retained near the surface and is evapo-
rated and transpired. Most streams are influent, and
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their channels are underlain by relatively permeable
rocks; therefore, their transmission losses are high. The
areas of internal drainage reduce the total runoff sub-
stantially, although these areas are generally favorable
for ground-water recharge (pl. 2). As a result, almost
no water runs off from large areas in the Navajo Up-
lands, and the runoff in other areas may decrease
locally. Most of the runoff below 7,000 feet results from
convectional storms; that from low-intensity frontal
storms is small and usually is absorbed by the surficial
deposits and permeable bedrock units or is evaporated.

PERENNIAL FPLOW

Perennial flow, with the exception of that of the
Colorado and San Juan Rivers, is maintained by
ground-water discharge. Perennial streams are re-
stricted mainly to the Navajo-Glen Canyon area, the
lower part of Chinle Wash, the Chuska Mountains-
Defiance Plateau area, and short reaches along the Little
Colorado River and Moenkopi, Dinnebito, Oraibi, and
Pueblo Colorado Washes.

The lower reaches of several canyons in the Navajo
Uplands between Navajo Mountain and Navajo Can-
yon and in the lower part of the Chinle Wash drainage
intersect the regional water table; they contain flow-
ing streams or pools of water and thus contrast sharply
with the bald rocks and dunes in the adjoining uplands.
This water is mainly from the Navajo and Wingate
Sandstones. Even though only a few springs are visible
at the stream level, flows in the canyons are increased
downstream by seepage at the base of the sandstone
canyon walls. Many small canyons tributary to Glen
Canyon have stepped profiles and hanging valleys.
Some contain a narrow inner gorge near their mouths.
A large spring or several smaller springs usually dis-
charge at the head of the inner gorge, and downstream
from this point the flow is continuous.

The total base flow between Navajo Canyon and
Navajo Mountain, on the basis of miscellaneous meas-
urements and estimates chiefly during June to August
1958, was about 6 cfs, nearly two-thirds of which is con-
tributed by Navajo Creek. This figure is highly conserva-
tive; sand and silt deposited at the mouths of tributaries
by the Colorado River during the previous spring had
not been flushed out, and a substantial part of the dis-
charge to the Colorado River from its tributaries
passed through these deposits as underflow.

The Chuska Mountains and Defiance Plateau areas
contain more permanent surface water than the other
parts of the Navajo country. The Chuska Sandstone, De
Chelly Sandstone, and other water-bearing units—gen-
erally at altitudes 7,000-9,000 feet—are in advantageous
physiographic positions to control and maintain peren-
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nial streams by the discharge of ground water. Many
lakes are on top of the Chuska Mountains, which is also
the top of the Chuska Sandstone; these lakes aid in the
recharge to the Chuska (pl. 1). Some of the lakes may
be perennial, but others that contained water in 1952
were dry or nearly dry when visited in 1956. In 1966, a
few of these lakes were revisited, and they were only
slightly smaller in size than they were in 1952,

Tsaile, Wheatfields, Whiskey, and Coyote Creeks
form a major stream system that drains much of the
western escarpment of the Chuska Mountains. The dis-
charge from these streams funnels through Canyon de
Chelly and eventually joins Chinle Wash. Tsaile Creek
is perennial from the western escarpment of the Chuska
Mountains almost to the confluence of Canyon del
Muerto and Canyon de Chelly. The flow of the other
creeks dissipates before entering the main drainage
in Canyon de Chelly by seepage into channel floors, by
evapotranspiration, and by diversion for irrigation of
cornfields by the Navajo Indians. The stream in Canyon
de Chelly is perennial in short reaches just upstream
from Spider Rock, and that in Canyon del Muerto is
perennial where the canyon floors are on the relatively
impermeable Supai Formation; these flows are main-
tained in part from discharge from the regional ground-
water reservoir in the De Chelly Sandstone. Downstream
from the Supai outcrops, this flow percolates into sandy
alluviam.

Short-term records of the streamflow along the west-
ern escarpment of the Chuska Mountains indicate that
the discharge varies annually and seasonally from about
4 to 60 cfs (Harshbarger and Repenning, 1954, table 1).
During the growing season, diurnal variations of the
flow are caused by variations in transpiration by ripari-
an vegetation. Although the magnitude of the variations
has not been measured, observation of Whiskey and
Coyote Creeks shows that the terminal points of flow
may vary more than a mile between morning and late
afternoon.

Many small tributaries of Black Creek are perennial
near the Chuska Mountains and along the east side of
the Defiance Plateau. The principal ones are Tohdil-
donih and Buell Washes and Bonito Creek. Tohdildonih
Wash, draining Todilto Park, is fed by springs in the
Chuska Mountains, and its water is diverted into Red
Lake. Underflow from Tohdildonih Wash supplements
the ground water in allavium in what probably was its
former channel south of the Tohdildonih Wash Dam
(Akers, McClymonds, and Harshbarger, 1962, p. 3).
Buell Wash, flowing 50-75 gpm, is intermittent through
most of Buell Park but is perennial for a short distance
downstream from a spring near the lower end of the
park. Bonito Creek, draining Bonite Canyon west of
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Fort Defiance, receives water from the De Chelly Sand-
stone and the Supai Formation. The shallow alluvium
beneath the creek furnishes a dependable supply of wa-
ter to the community of Fort Defiance.

Along the eastern escarpment of the Chuska Moun-
tains, Sanastee Wash and a few other small washes near
Toadlena are perennial for short distances in their up-
permost reaches, However, little of this flow reaches the
Chuska Valley area of the western San Juan basin. This
perennial flow and that of numerous springs are main-
tained by ground-water discharge along the base of the
Chuska Sandstone.

RECENT FLUCTUATIONS OF THE STREAM BEGIMEN

Changes in the stream regimen during the last 4,000
years are indicated by alternating periods of erosion and
deposition in all canyons and valleys of the Navajo
country, although the number, magnitude, and dura-
tion of the events differ from drainage to drainage and
along reaches of the same drainage. These differences
are indicated by the distribution of terraces and local
areas of alluviation along the present main drainage-
ways (fig. 15). The alluvial-erosional sequence is best
represented along Moenkopi, Oraibi, Polacca, and Jed-
dito Washes, and parts of the Puerco River and Laguna
and Navajo Creeks. All these drainageways are elon-
gated and contain a few large tributaries that join the
main stem at right angles and at a significant change in
gradient. The sequence is poorly represented along
Chinle Wash and the lower reaches of the Chaco River,
where many tributaries have a relatively sharp change
of gradient before joining the main stem at nearly right
angles (fig. 15).

The flood-plain alluvium deposited in many valleys
shows differences in lithologic characteristics that re-
flect slightly different depositional environments. The
alluvium deposited between about 2,000 B.C. and A.D.
900-1200 is the bulk of the late Recent alluvium; it
partly fills valleys excavated during late Pleistocene
and early Recent time (Hack, 1942; Leopold and Sny-
der, 1951; Cooley, 1962b). This alluvium consists prin-
cipally of crossbedded sand and gravel beds that alter-
nate with beds of silt and sandy silt. The deposition
was from fast- and slow-moving water that was con-
centrated partly in channels. The upper part of some of
the alluvium contains beds of sand that apparently
were deposited by wind. Overlying these beds is allu-
vium consisting of thin-bedded mud and silt layers that
contain considerable carbonaceous material. In places
this alluvium is separated from the other alluvial de-
posits by an unconformity, which is the result of ero-
sion and arroyo cutting that probably occurred about
A.D. 1100-1300. The fine-grained sediments apparently

ED_005149_00041890-00046



REGIONAL HYDROGEOLOGY A39

375~

=5

- y - 7 ‘.\
S ? ' 5
ot — < ; SR
fe € races, downstream-y & W
from Cameron 5N g Pf

1 3 \( N

; R et
’/‘; v

e

F'lagstaffy\i MR |
L

A g/-x-\’fe&,
:‘\mﬁt— g}.\ = —
= + o
e
.

W)
0
i
10

Ry
&

&
Winslowg 1" ﬁ
35 °—i-— %YQ
HH
111°
Holbrook

s !
%N.;f . & 4 Wiﬁj A

-
(=}
[te]

3

i

‘ "
eﬁf 7
CUTAA, -
COLORAD —

Pl

EXPLANATION

Area where alluvium is
being deposited; no terraces
present

BHUSRHR R R G ann

One terrace, less than 10
feet above streambed

BHIH T i

One main terrace, more
than 10 feet above stream-
bed

* DROADBIBRTRERUNRARLALEACERCE DN

Two or more terraces, more
than 10 feet above stream-
bed

Boundary of hydrogeologic
subdivision

i
109° ] 10 20 30 40 50 MILES
{ i { i i i

Freure 15.—Alluvial terraces of Recent age.

were laid down by sluggish streams or in small ponds
and swampy areas from A.D. 1800 to about A.D. 1850.
Alluvial flood plains that extended uninterrupted across
the valley floors are shown on topographic maps sur-
veyed before 1885 (Gregory, 1917, p. 130-131).

The events associated with the present episode of ar-
royo cubting, beginning as early as 1850, abruptly ter-
minated deposition of the fine-grained sediments and
drained the swampy areas. The earliest event was the
deposition of a thin mantle of sand and gravel. This was
followed by the main cutting of the present arroyos,
which was especially pronounced in the Navajo country
between 1880 and 1890 (Gregory, 1917, p. 130-131).
Locally, deposits were laid down within the confines of
the arroyo, partly burying cottonwood trees. These
events were accompanied by active dune formation, and
considerable windblown material overlies and is inter-
bedded with the fluvial material. Most arroyos have
been widened continually since the main cutting, and
during the 1960’s some were aggrading (Cooley, 1962b,
p. 50; R. F. Hadley, U.S. Geol. Survey, oral commun.,
1962).

Other fluctuations in the stream regimen during his-
torical time include (1) changes in the length of peren-
nial reaches of streams after most streams were en-
trenched in arroyos and (2) the general decline of
streamflow. The perennial reaches of Moenkopi Wash,
Canyon de Chelly, and other streams during 1909-13
(Gregory, 1916, pl. 2) were considerably longer than
they were during 1950-60 (fig. 16). Arroyo trenching
below the water table, however, may have extended
perennial reaches of several streams, especially along
Laguna Creek. Before the arroyo cutting of 1884
(Gregory, 1917, p. 130), as shown on the old Marsh
Pass, Ariz., topographic quadrangle map surveyed in
1883, Laguna Creek was not perennial downstream
from Marsh Pass. The flow of this stream now usually
is continuous nearly to Kayenta and for about a 3-mile
reach upstream from its confluence with Chinle Wash.

A fluctuating stream regimen during the 20th cen-
tury is indicated by a continuous decline in streamflow,
shown by the records at gaging stations in areas con-
tiguous to the Navajo country. If the records of the
Colorado River at Lees Ferry may be taken as represent-
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ative of what occurred on the reservations, yearly run-
off from 1930-55 was above the 1897-1955 median of
the reconstructed virgin runoff only 8 years, whereas it
was below the median 18 years (Alfonso Wilson, U.S.
Geol. Survey, written commun., 1960).

GROUND-WATER HYDROLOGY

The ground-water hydrology of the Navajo country
is controlled by five large hydrologic basins—Black
Mesa, San Juan, Blanding, Henry, and Kaiparowits
basins (pl. 5). Locally, ground water is exchanged be-
tween some of the basins. Part of the water in south-
western San Juan basin moves across a low structural
divide into Black Mesa basin, and, similarly, some water
from Black Mesa basin overflows into Blanding basin.
The area of each basin, in square miles, within the
boundaries of the reservations are: Black Mesa, 12,200
San Juan, 6,200; Blanding, 3,100; Kaiparowits, 2,900
and Henry, 1,100.

The main areas of recharge to the ground-water reser-
voirs are on the highlands along the divides between
the basins. Movement of ground water in each hydro-

logic basin is downdip from the highlands and toward
the Colorado, Little Colorado, and San Juan Rivers
and their larger tributaries rather than toward the cen-
ters of the structural basins. Natural discharge of
ground water is to these streams and to about 1,000
springs and numerous seeps. Artificial discharge is to
about 1,400 (1961) drilled wells and 550 dug wells uti-
lized chiefly for domestic and stock water.

RECHARGE

Recharge to aquifers in the Navajo country is directly
from precipitation and from ephemeral streams or in-
directly from interformational leakage. Direct recharge
to the aquifers in the consolidated sedimentary rocks is
controlled principally by the permeability of the rocks,
the structural and physiographic expression, the amount
of fracturing, and the altitude of the water-bearing
strata; by the presence or absence of surficial deposits;
and by the duration, type, and amount of precipitation.
The mantles of surficial deposits are recharged by direct
precipitation, by influent streams, and by discharge
from the consolidated aquifers. Recharge from inter-
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formational leakage is common, especially between the
water-bearing units adjoining the N, C, and D multiple-
aquifer systems (which are mainly in the Navajo, Coco-
nino, and Dakota Sandstones), the aquifers in Creta-
ceous rocks of the San Juan basin, and the sedimentary
rocks and the alluvium (table 3).

The chief areas of ground-water recharge are the
Navajo Uplands, Defiance Platean, and Chuska and
Carrizo Mountains. However, much of the ground water
in Black Mesa and San Juan basins is from recharge
in upland regions bordering the reservations to the
south, including the Zuni Mountains, the Mogollon
Slope, and the San Francisco Plateau. The areas men-
tioned above probably together contribute more than
90 percent of the recharge to aquifers in the reserva-
tions, and, except for the Navajo Uplands, the recharge
areas are chiefly above 6,500 feet and receive more than
14 inches of precipitation annually (pl. 4). Exposures
of the sedimentary rocks, voleanic rocks, and surficial
deposits that generally favor recharge cover more than
60 percent of the reservations (pls. 2, 5).

Water enters most aquifers through fractures and
along bedding planes. Relatively little water infiltrates
the unfractured parts of the sandstone aquifers in the
outcrop areas because of their low permeability and the
generally high rate of evaporation. Faults and large
joints in sandstone and limestone have been widened
by solution and form excellent channels for recharge.
The fractures intercept a substantial part of the precipi-
tation and runoff in the Navajo Uplands, Monument
Valley, Defiance Plateau, and eastern Grand Canyon
subdivisions. Interception of surface flow by fractures
is illustrated by a large joint that crosses Aztec Creek
near its junction with Bridge Canyon. This joint di-
verted most of the flow of Aztec Creek when it was
flowing about 115 gpm. Downstream from the fracture
the creek was flowing about 15 gpm. The large joint
recrossed Aztec Creek a short distance downstream
and the water that had been intercepted reentered the
creek from springs issuing from along the fractures.
Large fractures are usually conspicuous along mono-
clines and on the more tightly foided anticlines. Other
fractures especially effective for recharge are in the
shattered zones formed by laccolithic domes in the
Carrizo Mountains and on Navajo Mountain.

Agquifers are recharged seasonally from precipitation
in the highlands principally in the winter and spring.
Maximum discharge of springs and a rise of water lev-
els in a few wells that were measured occur generally in
the spring; discharge and water levels then decline dur-
ing the summer. Summer precipitation is chiefly quick
downpours, and, even though it is beneficial to agricul-
ture and grazing, it probably contributes little ground-
water recharge.

A41

Single storms and rainy periods lasting a few days
furnish some ground-water recharge. During a storm,
water may be seen percolating downward along frac-
tures exposed in overhanging ledges. The percolation is
fairly rapid, and the water may travel more than 10
feet in 10-15 minutes. As a result of recharge from sev-
eral rainstorms from October 14 to 18, 1960, water lev-
els in four test holes drilled in the alluvium 14-14 mile
from Pueblo Colorado Wash near Greasewood Trading
Post rose an average of nearly half a foot (N. E. Mec-
Clymonds, U.S. Geol. Survey, written commun, 1960).

REGIONAL GROUND-WATER MOVEMENTY

Regional movement of water in aquifers of the Black
Mesa basin is to the Little Colorado River, and that in
the San Juan, Blanding, Henry, and Kaiparowits bas-
ins is to the Colorado and San Juan Rivers (pl. 5). The
Colorado and San Juan Rivers are the chief hydrologic
connecting links between these basins, and all water in
the upper Colorado River system passes through the
Grand Canyon before leaving the Colorado Plateaus.

BLACK MESA BABIN

Black Mesa basin, occupying roughly half the res-
ervation, is the principal hydrologic basin, Regional
movement of ground water is restricted to the C, D, and
N multiple-aquifer systems. In general, water-table con-
ditions prevail on the flanks of the basin, and artesian
conditions prevail in the central part.

The C multiple-aquifer system, mainly in the
Coconino and De Chelly Sandstones, receives recharge
from the Defiance Platean and from regions south of the
reservations that include the Mogollon Slope, San
Francisco Plateau, and the Zuni Mountains. Some
ground water moves westward and basinward from the
Defiance Plateau, but most moves northward from the
Mogolion Slope and northeastward from the San
Francisco Plateau. The ground water moving north-
ward converges with that moving westward in the
southern part of the Navajo country and forms a flow
system that is oriented generally west-northwestward
along the broad southwestern flank of Black Mesa basin
(pl. 5). Movement of ground water in the C multiple-
aquifer system in the central part of the Black Mesa
basin is hindered by a combination of low aquifer per-
meability and a large concentration of highly saline
water, which is more resistant to movement than fresh
water (fig. 17).

All natural ground-water discharge from the C mul-
tiple-aquifer system in Black Mesa is to the Little
Colorado River system and to Chinle Wash. In part of
the basin, the aquifer is saturated and rejects recharge
to the Little Colorado River near Holbrook and to the
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Puerco River, Chinle Wash, and other streams drain-
ing the Defiance Plateau. Discharge of the C multiple-
aquifer system west of Cameron is not directly to the
Little Colorado River, but, because of intense fractur-
ing, it moves downward through the Supai Formation
into the Redwall Limestone and eventually reaches the
Little Colorado River at Blue Spring.

The N multiple-aquifer system, mainly in the Navajo
Sandstone in Black Mesa basin, is recharged princi-
pally between Monument upwarp and Echo Cliffs.
Water-level contours indicate that recharge from the
south is negligible, owing to the deep burial of the
aquifer and to its thinning and wedging out southeast-
ward. Water in the N multiple-aquifer system in Black
Mesa basin, therefore, moves southward from the
recharge area and thence makes a broad arc northeast-
ward toward Chinle Wash or southwestward toward
Moenkopi Wash (pl. 5). The main discharge area is
along Moenkopi Wash near Tuba City and into the
alluvium along Dinnebito and Oraibi Washes. Some
of the water in the aquifer system that originates in

Black Mesa basin moves out of the basin into Blanding
basin and is discharged into Chinle Wash.

Aquifers in Triassic and Jurassic rocks (table 3) and
in the Dakota Sandstone of Cretaceous age exposed as
narrow bands which roughly outline the general circu-
lar shape of Black Mesa (pl. 5) are minor and consist
of several thin isolated semiconnected sandstone water-
bearing units that are separated by thick sequences of
mudstone and siltstone. Ground water in these aquifers
moves basinward and toward the points of discharge
along streams, although much of the movement is re-
stricted by anticlines and by tonguing-out of the sand-
stone units. Water moves for a considerable distance in
the D multiple-aquifer system in the southern Black
Mesa area (pl. 5). Discharge from the aquifers in Trias-
sic and Jurassic rocks and from the Dakota Sandstone
is to the flood-plain alluvium along tributaries to the
Little Colorado River and Chinle Wash.

The sandstone aquifers of the Upper Cretaceous
Mesaverde Group (table 8) capping Black Mesa at alti-
tudes of 6,000-8,000 feet in the central part of the struc-
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tural basin are recharged only from direct precipitation

and infiltration from small streams. Shallow can-

yons cut by tributaries of the Little Colorado River and
small folds localize the movement and occurrence of
ground water and control the distribution of artesian
areas. The aquifers of the Mesaverde Group are sepa-
rated from the underlying aquifers by the Mancos
Shale, which is 500-700 feet thick in the Black Mesa
basin.

Black Mesa basin is unigue in that nearly all ground
water in the basin is discharged at Blue Spring and
several springs near the confluence of the Little Colo-
rado and Colorado Rivers. The yield of the springs
measured intermittently near the mouth of the Little
Colorado River averages 223 cfs or about 161,000
acre-ft per yr, which represents the total discharge into
the Colorado River from Black Mesa basin, an area of
about 28,000 sq mi. Perhaps 95 percent or more of this
water is from the C multiple-aquifer system because a
substantial part of the water discharging from the
other aquifers in the basin is evaporated or is used for
irrigation, principally near Tuba City.

SAN JUAN BASIN

In contrast to Black Mesa basin, rocks of Late Creta-
ceous age cover most of western San Juan basin except
on the flanks of the Zuni Mountains and Defiance Pla-
tean (pls. 1, 5). The aquifers in Triassic and Jurassic
rocks are restricted to a narrow belt of outcrops that
outlines the shape of the basin. Permian and older rocks
occupy the central parts of the Zuni Mountains and
Defiance Plateau.

The aquifers in pre-Cretaceous rocks (table 8) are
recharged along narrow exposures on the flanks of the
basin where beds are tilted 3°-30°. The exposures are
higher than 6,500 feet and are covered by vegetation
and soil, which make the area generally favorable for
recharge.

Regional movement of ground water in the aquifers
in pre-Cretaceous rocks is restricted by low permeability,
facies changes, and wedging-out downdip of the aqui-
fers (fig. 5). Therefore, much of the ground water
moves subparallel to the sides of the basin. The dis-

charge is to many small streams along the basin flanks -

and to the San Juan River. Water in the aquifers in pre-
Cretaceous rocks in the southwestern part of the basin
(Gallup sag) discharges to the alluvium along the
Puerco River or moves across the low structural divide
into Black Mesa basin (pl. 5).

Aquifers of the Upper Cretaceous rocks in San Juan
basin are usually under high artesian pressure and are
at various places within a stratigraphic interval of
more than 5,000 feet (table 3). Ground-water move-

A43

ment in the units of the lower part of the sequence, in-
cluding the Gallup and Point Lookout Sandstones and
the water-yielding beds of the Crevasse Canyon Forma-
tion, is similar to that in the aquifers in Triassic and
Jurassic rocks. Water in aquifers in the remainder of
the Cretaceous sequence moves toward the San Juan
and Chaco Rivers (pl. 5). Because aquifers of the
Menefee Formation are thin, lenticular, and tongue-out
to the northeast, movement of water toward the center
of the basin is inhibited. The Cliff House and Pictured
Cliffs Sandstones are exposed in broad areas and are
continuous in the subsurface in the central part of the
basin. These sandstone units are recharged chiefly from
precipitation in their areas of outerop, and movement
of ground water is generally northwestward to the
Chaco and San Juan Rivers (pl. 5).

The aquifers in Cretaceous rocks are probably inter-
connected, although imperfectly, into a multiple hy-
draulic system in most of western San Juan basin. The
development of this system apparently aids movement
of water between the aquifers in different parts of the
basin and helps to direct the ground-water discharge to
the reaches of the Chaco and the San Juan Rivers in
the northwestern part of the basin. Seme interaquifer
movement apparently is downward and is indicated by
lows on the piezometric surfaces of the various aquifer
systems in the central region of the basin near Farm-

ington (Berry, 1959).
BLANDING BABIN

Recharge to the Blanding basin is from the Carrizo
Mountains, the northern part of the Defiance Platean,
the eastern flank of the Monument upwarp along Comb
Ridge, and the Ute Mountains in southwestern Colo-
rado. All ground water moves generally northward
toward and eventually reaches the San Juan River (pl.
5). This discharge includes the overflow from the San
Juan basin and a small amount from Black Mesa basin.
Some water issues from the Navajo and Wingate Sand-
stones to Chinle Wash downstream from Rock Point
Trading Post, Laguna Creek, and the lower part of
Walker Creek.

HENEY BASIN

Regional ground-water movement in the small part
of the Henry basin within the Navajo country is lim-
ited to the Navajo and Wingate Sandstones, the Shina-
rump Member of the Chinle Formation, and the Cedar
Mesa Sandstone Member of the Cutler Formation. Re-
charge to these units is on the summits of mesas and on
the broad, gently sloping rock platforms; the ground
water is intercepted by deep canyons and is diverted
by synclines and anticlines (pl. 1). A small amount of
water, therefore, discharges directly to the San Juan
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River and to itis larger tributaries. Ground-water move-
ment north of the San Juan River is downdip toward
the center of the Henry basin and to the Colorade River.

KAIPAROWITE BASIN

All movement of ground water in the Kaiparowits
basin is toward the Colorado and San Juan Rivers (pl.
5). The Navajo Sandstone is the chief aquifer and is
recharged nearly everywhere within the basin. South
of the Colorado River in the Navajo Indian Reserva-
tion, ground water in the Navajo is generally uncon-
fined, but the water north of the river near the center of
the basin is confined. In the southern part of the Kai-
parowits basin, the Navajo Sandstone is the only aqui-
fer that adjoins the streambed between the mouth of
Forbidding Canyon and Lees Ferry (pl. 1) and dis-
charges directly to the Colorado River.

In the eastern part of the basin, the Navajo Moun-
tain dome and nearby deep canyons modify the general
northwestward ground-water movement toward the
Colorado River. Movement from Navajo Mountain is
radial in all directions except to the northeast, where
the domal structure joins the Beaver Creek and Rain-
bow anticlines. Ground water in the Navajo and Win-
gate Sandstones discharges along the rim of Piute
Canyon and into the bottoms of Forbidding and Nav-
ajo Canyons. In this area the N multiple-aquifer sys-
tem is well developed, and much of the water that is
recharged to the Navajo Sandstone percolates down-
ward through the Kayenta Formation and into the Win-
gate Sandstone. This interformational movement is
aided by strong jointing and fracturing and by zones
of shattered rock on Navajo Mountain.

Rocks of Jurassic age contribute very little water to
the Colorado River in the Kaiparowits basin because
they crop out high on the mesas, buttes, and escarp-
ments., Ground-water movement is localized, and there
are a few springs on Navajo Mountain, on the downdip
sides of mesas, and in a few places elsewhere in the

basin.
DISCHARGE

The main areas of natural ground-water discharge in
the Navajo country adjoin the Colorado, San Juan,
Chaco, and Little Colorado Rivers, Moenkopi and
Chinle Washes, and Navajo Creek (pl. 5). This water
becomes part of the streamflow. The total amount of
ground water discharged into the Colorado River sys-
tem is unknown, although 223 cfs has been measured
near the mouth of the Little Colorado River, and more
than 8 cfs is estimated to be maintaining the flow in the
perennial reaches of tributaries flowing into the Colo-
rado River in Glen Canyon and into the San Juan
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River. In addition, the combined total flow of the pe-
rennial reaches of streams in the interior of the reserva-
tions was partly measured and is estimated to be about
10 efs. Most of this flow percolates into the sandy alluv-
ium or is evaporated.

Few springs in the reservations yield more than 10
gpm, and this water is evaporated near the points of
discharge. Several springs at Hotevila in the Hopi
country furnish enough water to irrigate small terraces
built on the nearby rocky cliffs. The total discharge of
the springs, excluding that of Blue Spring, is not more
than 20 cfs. The main areas of spring discharge are in
the canyons adjacent to Glen Canyon, near Tuba City,
near Mexican Water, on the Defiance Plateau, and in
the Chuska and Carrizo Mountains.

Most springs on the reservations are gravity springs,
where the water table intersects the land surface. The
common types are contact, fracture, depression, tubu-
lar, and seepage. Few of the springs are artesian and
no thermal springs were inventoried. Generally the
water of an artesian spring flows through an opening in
the confining beds overlying the aquifer. These springs
are principally in the area of artesian flow along the
west side of the San Juan basin (fig. 9), although grav-
ity springs are more common throughout this area.

Contact springs occur principally along the lower
contacts of the Navajo Sandstone, Shinarump Member
of the Chinle Formation, Lukachukai Member of the
Wingate Sandstone, Dakota Sandstone, Chuska Sand-
stone, volcanic member of the Bidahochi Formation,
and the sandstone units of the Mesaverde Group. Num-
erous springs also discharge along the contact between
the alluvium and impermeable consolidated rock units.

Fracture springs flow from joints, faults, and bed-
ding planes. These are the most common types in the
Navajo, Wingate, and other thick sandstone units.
Large bedding planes, concave upward in the Navajo
Sandstone and the Shinarump Member of the Chinle
Formation, concentrate downward-percolating ground
water, which is disecharged usually as small perched
springs or seeps, in places hundreds of feet above the
regional water table—in some places high on the side of
a cliff. Weathering of the Navajo Sandstone in the im-
mediate area of a spring issuing along joints and bed-
ding planes has produced many of the prominent num-
erous alcoves in the canyon country near the Colorado
River.

Tubular springs are rare; these include only Blue
Spring and a few associated springs that flow from
limestone within the canyon of the Little Colorado
River. In the past, however, tubular openings of dia-
tremes in the Hopi Buttes and on the Defiance Plateau
also were the orifices of large extinct springs (pl. 1).
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Deposition of travertine in the diatremes undoubtedly
resulted from spring discharge.

The amount of water discharged from wells cannot
be estimated accurately because most wells are equip-
ped with windmills, which pump for short periods of
time. In 1956, about 1,000 stock wells were equipped
with either a windmill or small pump capable of yield-
ing 3-5 gpm. If these wells pump only 4 hours per day,
pumpage is about 1 mgd (million gallons per day) or
1,000 acre-ft per yr. Even if all the wells pumped
continually, the discharge would be only about 6,000
acre-ft per yr. Repeated measurements of the water
levels in selected wells have shown in general that
water levels have not declined. Heavy pumping near
Window Rock, however, has caused a permanent low-
ering of water levels. Continued expansion of Tuba
City, Kayenta, Rough Rock, Shiprock, Ganado, Chinle,
Pinon, and the Hopi villages may cause overdraft of
the aquifers locally.

HYDRAULIC PROPERTIES OF THE AQUIFERS

The main aquifers consist of sandstone having low
permeabilities, generally less than 10 gpd per sq ft,
and unconsolidated sand and gravel. Sand and gravel
form the water-yielding part of the alluvium and gen-
erally have a higher permeability than the sandstone
aquifers. Alluvial aquifers on the reservations, how-
ever, are areally small and relatively thin. Most of the
sandstone aquifers are 100-300 feet thick and are
traceable on the surface and in the subsurface for many
tens of miles. The Navajo Sandstone and the Coconino
Sandstone and its lateral equivalent, the De Chelly
Sandstone, are more than 500 feet thick over large
areas. They have the highest coefficients of transmissi-
bility and are the principal aquifers. The water-bear-
ing beds are separated by thick, relatively impervious
layers of sandy siltstone, siltstone, and mudstone, The
fine-grained character of all the aquifers precludes
rapid movement of water and large yields to wells.

The hydraulic properties of the aguifers were deter-
mined or computed from field tests—pumping, bailing,
and pressure tests—of wells and from laboratory tests
of drill cores and samples from outerops. Drill cores
were analyzed for porosity, specific retention, specific
yield, and coefficient of permeability. Samples were
analyzed for percentage of soluble material, medium
diameter of grains, and coefficient of sorting.

The test data are given in table 7. For convenience
in comparing the hydraulic properties, only data from
wells completed in a single aquifer are listed. Table 7,
therefore, summarizes about four-fifths of the test data
available from roughly two-fifths of the wells present
in the reservations as of 1956.

Add

An important hydraulic property of an aquifer is its
capacity to transmit water. This property commonly is
expressed in terms of the coefficients of permeability
and transmissibility. The “coefficient of permeability,”
as defined by Meinzer (in Stearns, 1928), is the rate
of flow of water in gallons per day at a temperature of
60°F through a cross-sectional area of 1 square foot
under a hydraulic gradient of 1 foot per foot. Gen-
erally, determinations of permeability and transmissi-
bility from pumping tests are made under field condi-
tions where water temperatures are different. Results
of a pumping test usually are expressed in terms of
transmissibility instead of permeability. The “coeffi-
cient of transmissibility” is the rate of flow of water in
gallons per day through a vertical strip of the aquifer
1 foot wide extending the full saturated height of the
aquifer under a hydraulic gradient of 100 percent—
transmissibility is equal to permeability multiplied by
the saturated thickness of the aquifer.

The principal hydraulic data measured and com-
puted from the tests include the yield or rate of flow,
drawdown, specific capacity, and the coeflicients of per-
meability, transmissibility, and storage. Coefficients of
permeability and transmissibility were determined from
30 pumping tests made in widely scattered parts of the
Navajo country, principally from wells completed in the
Coconino, De Chelly, and Navajo Sandstones and the
alluvium. The coefficient of storage could be determined
only for a few places because of the absence of nearby
observations wells. The specific capacity was computed
from about 450 bailing tests and 30 pressure tests.

The amount of water drained or yielded from stor-
age in an aquifer is expressed as the “coeflicient of
storage.” It is defined as the volume of water in cubic
feet released from or taken into storage in a vertical
column of the aquifer 1 foot square and the height of
the saturated part of the aquifer, when the hydraulic
pressure on the column is reduced 1 foot. For water-
table aquifers, the coefficients of storage approximates
the specific yield of the dewatered material. Computa-
tions of storage coefficient from short-term pumping
tests of the fine-grained aquifers in the Navajo country
may not be reliable because water in these aquifers
drains slowly, and the computed coeficients of storage
for the water-table aquifers would approach those of
artesian aquifers (table 7) and would be too low.

Hydraulic characteristics such as porosity, specific re-
tention, specific yield, and coefficient of permeability
were determined for 46 core samples from eight strati-
graphic units. “Porosity” is the ratio, expressed as
percentage, of the volume of the interstices in a rock
to the total volume of the rock and is the sum of the
specific yield and specific retention. The “specific
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Tasre 7.—Range of the hydraulic properties of aguifers in the Navajo and Hopi Indian Reservations
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vield” may be defined as the ratio, expressed as per-
centage, of the volume of water drained by gravity from
a saturated rock to the volume of the rock. The remain-
ing fraction of water held in the minute pore spaces
of the rock by molecular attraction against the pull of
gravity is termed “specific retention,” which is the ratio,
expressed in percentage, of the volume of water retained
to the volume of the rock.

PUMPING, BAILING, AND PRESSURE-TEST DATA

Test data indicate that the productivity of all the
water-bearing units is low and that few wells yield more
than 250 gpm. Well vields in much of the reservations
are less than 20 gpm and in some areas less than 5 gpm.
Most of the wells supply water for stock and are
equipped with windmills, which pump 1-5 gpm from
depths as great as 1,100 feet. Most municipal and insti-
tional wells yield 5-100 gpm. The few industrial wells
generally yield less than 200 gpm. Because of the low
productivity of the aquifers, few wells are used for
irrigation. However, a well in the flood-plain alluvium
along Chinle Wash is reported to have been pumped
at more than 500 gpm.

Flowing wells are common only in the San Juan
basin (fig. 9). Most flow 15 gpm or less; the highest
reported is 1,000 gpm from a wildeat oil-test well near
Tohatchi, The driller reported this large flow from a
depth between 2,000 and 2,400 feet, the stratigraphic
interval occupied by the Morrison Formation and the
Cow Springs Sandstone.

The specific capacity is used generally to make a com-
parison of productivity between wells and, thus, be-
tween different aquifers. It is especially useful where
only short-duration bailing or pumping tests are avail-
able and test data are inadequate to compute the coeffi-
cient of transmissibility. “Specific capacity” is defined
as the yield, in gallons per minute, divided by the draw-
down, in feet. It is related directly to the coefficient of
transmissibility of the aquifer. The specific capacity
of a well, however, is not an exact measure of the hy-
drologic characteristics of an aquifer because specific
capacity does not take into account differences in the
depth of aquifer penetrated, fracturing and lithologic
variation of the aquifer, type of well construction, dura-
tion and rate of pumping, and well efficiency.

Computed specific capacities generally range from
0.3 to 5 gpm per ft of drawdown, although most are
less than 1 gpm. Some wells in the Coconino Sandstone,
Bidahochi Formation, and the alluvium have specific
capacities greater than 15 gpm per ft of drawdown
(table 7). Other wells completed in the Supai Forma-
tion, Glorieta Sandstone, Lukachukai Member of the
Wingate Sandstone, Cow Springs Sandstone, Dakota
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Sandstone, Wepo Formation, Crevasse Canyon Forma-
tion, Cliff House Sandstone, and Pictured Cliffs Sand-
stone generally have specific capacities of less than 1
gpm per ft of drawdown.

The coefficients of transmissibility computed for the
aquifers in sandstone of the Navajo country, excepting
those in the Coconine Sandstone, are low, fairly con-
sistent, and with few exceptions, are less than 1,200
gpd per ft. Most coefficients of transmissibility of the
sandstone aquifers in about 80 percent of the reserva-
tions—roughly, that area northeast of the Little Colo-
rado River—range from 500 to 1,000 gpd per ft. In
contrast, coeflicients of transmissibility in the Coconine
Sandstone range from 15,000 to 35,000 gpd per ft in
the southwestern part of the reservations and in the
valley of the Little Colorado River south of the
reservations. '

Coeflicients of permeability of the consolidated sedi-
mentary rocks, computed from pumping-test data, are
extremely low. Some are less than 1 gpd per sq ft. Most
range from 1 to 8 gpd per sq ft, and those of only part
of the Navajo and Coconino Sandstones in the western
part of the reservations are more than 5 gpd per sq ft
(pl. 5). The coefficients of permeability of the Coconino
Sandstone are as much as 70 gpd per sq ft in a well
south of the reservations—the highest permeability of
any rock unit in the southern part of the Colorado
Plateaus.

Coefficients of transmissibility and permeability of
the sand and gravel deposits in the flood-plain alluvium
along the main washes are the highest in the Navajo
country and reflect the diverse litheology of those de-
posits. Locally, coefficients of transmis.ibility may be
more than 60,000 gpd per ft. Coeflicients of 1,500-5,000
gpd per ft are common in many areas, but those less
than 300 gpd per ft are rather uncommon. Coefficients
of permeability for the water-yielding beds in the al-
luvinm may exceed 100 gpd per sq ft. The most perme-
able alluvium, on the basis of well-test data and on
subsurface information obtained from well logs, is along
reaches of Chinle Wash, Black Creek, Pueblo Colorado
Wash, Puerco River, and the Little Colorado River.

DRILL-CORE TEST DATA

Cores were taken from sandstone beds in 11 water-
bearing units in widely spaced parts of the reservations,
but only the Navajo Sandstone was cored extensively
(table 7). At each locality two cores were taken, one
parallel and one perpendicular to the bedding. All the
cores were taken from exposures except one taken from
a chunk brought up by a bailer from a fractured zone
in the Coconino Sandstone south of the reservations at
Joseph City, Ariz.
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The laboratory analyses indicate wide differences in
the hydraulic properties of the cores (table 7). Results
of analyses of 24 cores from the Navajo Sandstone indi-
cate that the porosity ranges from 25 to 35 percent and
the coefficient of permeability from 3 to 494 gpd per sq
ft. Results of analyses of 31 cores from the other units
indicate that the porosity ranges from 1 to 34 percent,
specific retention from 1.2 to 20 percent, specific yield
from 0 to 30 percent, and coefficient of permeability,
from 0.0009 to 534 gpd per sq ft.

Laboratory determinations of 52 cores from 26 sites
of all the aquifers except those in the Coconino Sand-
stone show wide differences in the coeflicients of per-
meability, as indicated by the following groupings:

Number of cores having indicated
coefficient of permeability (gpd per
Adquifer sq ft)

<16 1020 2150 51-100 >100

Alleguifers. ... ... 20 9 13 7 3
Aquifer in Navajo Sandstone._.........._..__ 2 3 10 ] 3
Aquifers other than in Navajo Sandsione... 18 ] 3 b1 1]

Four cores taken from limestone beds in the Owl Rock
and Monitor Butte Members of the Chinle Formation
indicated coefficients of permeability ranging from
0.00001 to 0.0005 gpd per sq ft.

Permeability of cores drilled parallel to the bedding
differs from that of those drilled perpendicular to the
bedding. The coefficients of permeability of parallel
cores were higher in 18 sites and were lower in 8 sites
than those of the perpendicular cores. The deviation
between the permeabilities of the parallel and perpen-
dicular cores in all the sites is 11 gpd per sq ft; the
average deviation for the 12 sites cored in the Navajo
Sandstone is 15 gpd per sq ft, and that for the remain-
ing sites in the other stratigraphic units is 8 gpd per sq
ft. At 9 of the 26 sites the permeability of one core was
more than 4 times greater than the permeability of the
other core.

As part of a study of the transmissive character of
the principal sandstone units of the Colorado Plateaus
as related to the distribution of uranium deposits, co-
efficients of permeability were determined of 340 sam-
ples from 42 localities in the Navajo country (Jobin,
1962, table 31). Mean coeflicients of permeability range
from 1 to 104 gpd per sq ft. Mean coefficients for 28
localities are less than 10 gpd per sq ft and those for 38
localities are less than 20 gpd per sq ft. The mean ex-
ceeded 100 gpd per sq ft in only one locality. The distri-
bution of the means of the coefficients of permeability
and their respective stratigraphic units are shown on
plate 5,

The coefficients of permeability of cores collected
from exposures of the aquifers and the ones reported

by Jobin (1962, table 31) are, in general, considerably
higher than those computed from pumping tests (pl.
5 and table T) because of increased permeability from
weathering and leaching.

Nearly all the cores, except those of the Navajo Sand-
stone, were taken in canyons or from vertical ledges
and small cliffs. Most sample sites in the canyons were
along the margins of the alluvial flood plain and in
rocks that were exposed to weathering during the Wu-
patki cycle of erosion of late Pleistocene time (fig. 18).
The samples were cored from ledges and cliffs in places
where slope retreat was fairly rapid and where the
rocks were weathered only for a relatively short time.
The cores of the Navajo Sandstone were taken from
outcrops that were exposed during the Black Point
cycle of late Pliocene to early Pleistocene age. The
rocks of these outcrops were weathered 10-50 times
longer that those of most other core sites. Leaching by
downward-moving water derived directly from precipi-
tation accompanied the weathering and removed much
of the soluble material from the part of the Navajo
Sandstone just underlying the surface. The leaching
and weathering for so long a time probably account for
the high coefficients of permeability determined from
the cores in the Navajo Sandstone. Probably leaching
was negligible at most sites in the canyons because these
sites are near points of ground-water discharge. In fact,
some soluble material may have been deposited adjacent
to many sites.

SEDIMENTARY LABORATORY-TEST DATA

Laboratory analyses of grain size, coefficient of sort-
ing, and percentage of soluble material aid in determin-
ing the hydraulic character of an aquifer. In most sand-
stone units that yield water to wells in the Navajo
country, the median diameter of the grains is 0.12-0.25
mm, or in the range of Wentworth’s (1926) fine-grain
size classification (tables 1, 7). The diameter of most
grains is 0.06-0.35 mm, or in the range of very fine to
medium-grained. Only a few water-bearing units—the
alluvium, Bidahochi Formation, Dakota Sandstone,
and parts of the Morrison, Kayenta, and Chinle For-
mations—contain grains coarser than medium.,

The arrangement of the grains in a sandstone is
usually reflected by the coefficient of sorting. Generally,
the better the sorting the higher the percentage of pore
space. In unconsolidated deposits, porosity is related
directly to sorting and grain size, but in consolidated
rocks, cementing material fills part of the pore space
and decreases the porosity. The sorting in most of the
water-bearing units is classified as good to fair (see
“Sedimentary Features”, p. A68), and the coefficients of
sorting range from 1.13 in the De Chelly Sandstone to
1.56 in parts of the Morrison Formation (table 7).
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Figure 18—Relation of the coefficient of permeability, determined from core samples, to the amount of time that the
rocks have been exposed to weathering.

The soluble material, expressed as percentage, is ma-
terial dissolved by a solution of dilute hydrochloric
acid. The soluble mineral in most of the sandstone
aquifers is chiefly calcium carbonate, part of the cement-
ing material. Silica and other relatively insoluble sub-
stances are commonly bonding agents. Secondary
growth of quartz was observed on quartz grains in sand-
stone sampled in nearly all parts of the reservations.
Grains composed of limestone, dolomite, and other
soluble material generally occur in insignificant quanti-
ties in the sandstone beds. The soluble material con-
stitutes a large part of many rock units, such as impure
limestone beds, calcareous siltstone, and sandstone beds,
which are tightly cemented and are essentially aqui-

cludes. Beds commonly containing more than 10 per-
cent of soluble material occur in the Bidahochi Forma-
tion, Chuska Sandstone, Dakota Sandstone, Morrison
Formation, Cow Springs Sandstone, Summerville For-
mation, Entrada Sandstone, Carmel Formation, Ka-
yenta Formation, Moenave Formation, and Wingate
Sandstone.

The effects of grain size and degree of sorting on the
ground-water hydrology of sandstone aquifers in the
Navajo country may be masked by soluble material
and the amount of fracturing. In most places, the pres-
ence or absence of soluble material apparently affects
permeability more than fracturing. Leaching of rocks
near the surface removes some of the soluble material
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and thus increases permeability. Rocks in the subsur-
face have a lower permeability as indicated by pump-
ing tests, however, and probably are unaffected by
weathering and are little affected by leaching.

CONCLURIONS

Several geologic factors influence the permeability
and transmissibility of the bedrock sandstone aquifers
of the Navajo country. The grain size, generally in the
very fine to medium range, causes a slow rate of water
movement through the rocks. Cementation, both by the
generally insoluble siliceous materials and the more
soluble carbonate materials, decreases permeability and
transmissibility. Fractures increase overall permea-
bility and transmissibility. Effects of both fractures and
cement are noted in the variability of the hydraulie
properties computed from pumping tests, but only the
effects of cementation are noted in the hydraulic prop-
erties determined from drill cores.

Regional geologic factors that directly influence
transmissibility and more indirectly permeability are
the broad lateral lithologic changes, trends in thick-
ness, intertonguing, and wedging out of aquifers. In
most sandstone units, where silt- and clay-size parti-
cles increase, permeability and transmissibility de-
crease. This relation is especially apparent in the Win-
gate, Navajo, and Cow Springs Sandstones (Jobin,
1962, p. 35-36, 42, 52).

The hydraulic properties computed from the tests
are relatively uniform and indicate only slight differ-
ences in the aquifers, except for the Coconino Sand-
stone and the alluvium, In general, the coefficient of
permeability is less than 10 gpd per sq ft, the coeffi-
cient of transmissibility is less than 1,000 gpd per ft,
and the specific capacity is less than 1.0 gpd per ft of
drawdown. Contrasting with that of other bedrock
aquifers, the coefficient of transmissibility of the Coe-
onino Sandstone in the southwestern part of the reser-
vations and nearby areas is more than 30,000 gpd per ft.
The Coconino Sandstone is the principal aquifer in
northeastern Arizona, but unfortunately in most of the
reservations it contains water too highly mineralized
for use or it has been drained by deep canyons carved by
the Colorado and Little Colorado Rivers. The Navajo
Sandstone yields moderate amounts of water to wells in
nearly half of the reservations, but where it has a thick
saturated zone this sandstone yields large quantities
of water to wells even though its permeability is gen-
erally low.

The alluvium generally has much higher coefficients
of permeability and transmissibility than the consoli-
dated aquifers, except for the Coconino Sandstone. The
alluvium has not been developed as much as the other
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aquifers, and its water-bearing potential is not fully
known; however, its hydraulic properties differ con-
siderably in the Navajo country. The alluvium prob-
ably will yield more than 500 gpm to wells in parts
of Black Creek and Chinle and Pueblo Colorado
Washes.

CHEMICAL QUALITY OF THE GROUND WATER

Chemical analyses of more than 1,300 samples of
ground water from the reservations indicate that the
water is slightly to highly mineralized, usually hard to
very hard, and chiefly of a bicarbonate type. Repre-
sentative analyses are given by Kister and Hatchett
(1963). The general charscteristics of the chemical
quality of the water are indicated in table 8, which gives
the ranges of the chemical constituents of the main
aquifers, and by maps, which show the distribution of
dissolved solids (fig. 17), fluoride (fig. 19), and hard-
ness (fig. 20).

The dissolved-solids content of the ground water gen-
erally ranges from 100 to 47,000 ppm. Dissolved solids
usually are less than 500 ppm in water from aquifers
in the Navajo Uplands and Defiance Plateau-Chuska
Mountains areas (fig. 17). In contrast, concentrations
of 2,000 to more than 10,000 ppm are common in water
from aquifers in Cretaceous rocks at shallow depths in
the San Juan basin and in aquifers in Permian, Trias-
sie, and Jurassic rocks in the Black Mesa basin area
north of the Little Colorado River. High dissolved-
solids contents were reported from deep water wells
and gas-test wells penetrating the Coconino Sandstone
in the southern part of the Navajo country. Ground
water containing considerably more than 25,000 ppm
dissolved solids occurs in oil and gas wells penetrating
aquifers in Mesozoic rocks deeply buried in the center
of the San Juan basin (Berry, 1959).

The principal chemical constituents of the ground
water are calcium and sodium, and bicarbonate, sulfate,
and chloride ions. Combinations of these ions form four
general chemical types of ground water-—calcium bi-
carbonate, sodium bicarbonate, sodium sulfate, and
sodium chloride. Most ground water having less than
700 ppm dissolved solids is either calcium bicarbonate
or sodium bicarbonate, and that containing more than
700 ppm is sodium sulfate, calcium sulfate, or sodium
chloride. Gradations between these types are common,
and much of the highly mineralized water is a bicar-
bonate sulfate type.

The minor chemical constituents are fluoride, nitrate,
magnesium, silica, and iron (table 8). The concentra-
tions of these ions differ considerably in different aqui-
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Tasre 8.—Range of the chemical constituenis of ground water in the Navajo and Hopi Indian Reservations

{Analyses in parts per million, except as indicated]
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Figure 19.~Distribution of fluoride in ground water.

fers, but, except for fluoride and nitrate, are tolerable
for most uses on the reservations.

RANGE AND DISTRIBUTION OF THE CHEMICAL
CONSTITUENTS

Bicarbonate is by far the most common anion in the
ground water of the Navajo country (table 8). It is
abundant in water from all the aquifers, but is not as
objectionable as the other ions, The bicarbonate usually
ranges from 50 to 300 ppm.

Sulfate and chloride are the chief objectionable con-
stituents of the ground water. Concentrations of sulfate
are commonly more than 200 ppm and may be as high
as 4,000 ppm (table 8). Aquifers in the Entrada Sand-
stone, Coconino Sandstone, and Upper Cretaceous rocks
of the San Juan basin may have a large amount of sul-
fate. High concentrations of chloride are generally not
as widespread as those of sulfate, even though water
from the Coconino Sandstone in the Hopi Buttes area
and from the alluvium in several scattered places con-
tains more than 10,000 ppm chloride.

The concentration of calcium, including magnesinm,
and sodium in the ground water usually is less than 300
ppm each. Calcium is the dominant cation where
ground-water recharge is considerable. Thus, the ratio
of sodium to calcium is low on the Defiance Plateau,
Chuska Mountains and Zuni Mountains, and Navajo
Uplands, but it increases progressively downdip from
the recharge areas. In much of Black Mesa and San
Juan basins, sodium and calcium are in more equal pro-
portions; in places sodium may exceed calcium.

The nitrate content of water from springs and drilled
wells generally is low, but that from dug wells gen-
erally is high. Water from dug wells may contain more
than 45 ppm, the upper limit recommended by the U.S.
Public Health Service (1962). Much of this nitrate
probably was introduced through open or partly open
wells. Alluvial water, because of included decaying
vegetable matter, tends to be highest in nitrate. Nitrate
in water from the consolidated sedimentary rocks is low,
usually less than 5 ppm and rarely more than 20 ppm.
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Ficure 20.—Distribution of hardness as calcium carbonate of ground water.

Water in aquifers of the Black Mesa and San Juan
basins is high in fluoride ; elsewhere the fluoride content
usually is less than 1.5 ppm. Water from the Dakota
Sandstone and the Upper Jurassic rocks used by some
of the Hopi villages and that in the adjoining region of
Black Mesa basin has a fluoride content of as much as
6 ppm (fig. 19). Other high concentrations of fluoride
in Black Mesa basin occur locally in water in the Wepo
and Chinle Formations and in the alluvium. Nearly all
the water in the aquifers in Cretaceous rocks in the San
Juan basin contains objectionable amounts of fluoride.
Water in the Menefee Formation in the southern part
of the basin commonly has 5-10 ppm of fluoride, the
highest average concentration in the Navajo country.

HARDNESS OF WATER

Hardness, the soap-consuming property of water, is
caused chiefly by calcium and magnesium and, in some
water, by small guantities of strontium and barium.
The hardness is reported in parts per million as calcium
carbonate. Grains per gallon also is used in reporting
hardness. One grain per gallon is equal to 17.12 ppm.

The following classification of the hardness of water is
used by the Geological Survey :

Descriptive term Parts per million

Soft ... —— — — 060
Moderately hard___ 61-120
Hard .. - e ———————— 121-180
Very bard _— 180+

According to this classification, little ground water in
the Navajo country is soft, and most is hard or very
hard. Hardness ranges from 2 to 15,500 ppm. The dis-
tribution of the hardness is shown on figure 20, and it
seems to be controlled more by local hydrogeologic con-
ditions than by regional conditions that influence the
other characteristics of chemical quality. Generally,
hardness is less in water discharging from springs and
from shallow dug wells than it is in that from deep
wells (fig. 20).

PRINCIPAL CONTROLS OF THE QUALITY OF WATER

The lithologic characteristics of the aquifer and those
of adjacent rocks exert a major control on the dissolved-
solids content and chemical constituents of ground wa-
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ter. The soluble material is less in the well-sorted “clean”
sandstone of eolian origin, represented by the Navajo,
Wingate, and De Chelly Sandstones, than it is in other
aquifers. The soluble minerals in shaly units above or
below an aquifer may affect the chemical quality of its
water. An excellent example is the solution of salt
beds in the Supai Formation, probably the chief source
of the exceptionally high dissolved-solids content of
water in the overlying Coconino Sandstone in much
of Black Mesa basin (Akers, 1964, p. 80-81).

Another principal control of chemical quality of
ground water is the distance the water has traveled
from the recharge area. Nearly all chemical analyses
of ground water from recharge areas indicate less than
1,000 ppm dissolved solids, and many indicate less than
300 ppm. Dissolved solids increase noticeably downdip
toward the centers of hydrologic basins (fig. 17). Dis-
solved solids downdip also may increase in part because
of restricted circulation in the centers of the basins—
regional ground-water movement tends to be around
the periphery of the basins (pl. 5).

Interaquifer leakage, active in nearly all parts of
the reservations, seems to influence the chemical quality
of ground water. Flushing, with accompanying inter-
formational movement in the recharge areas, keeps the
chemical quality rather uniform and the dissolved-
solids content low. High artesian pressures in the hy-
drologic basins aid interaquifer movement of water, and
the chemical quality tends to be fairly consistent, even
though thick shaly rocks, such as the Mancos Shale,
retard mixing of water.
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